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SUMMARY 
 
Traumatic brain injury (TBI) results in over 50,000 deaths and 80,000 disabilities 
each year.  Current treatment strategies aim to alleviate acute disturbances, but are not 
able to address the chronic disorders associated with TBI.  Neural transplantation is one 
potential treatment that will provide multifaceted sustained therapy to degenerating 
injured tissue.  Transplantation of multipotent neural stem cells (NSCs) has been shown 
to enhance functional recovery in TBI models; however, poor cell survival and 
integration with host tissue potentially restrict the efficacy of such transplants.  This 
limitation may be due to the absence of inherent NSC pro-survival cues (e.g., cell-ECM 
interactions).  Furthermore, the neural injury environment presents cell death factors to 
transplanted NSCs.  It is hypothesized that a 3-D scaffold presenting specific CNS 
adhesive moieties will enhance donor cell survival and promote differentiation and 
migration.  This project encompassed material development and in vitro characterization.  
Results highlighted the importance of ligand tethering chemistry and density and also the 
mechanical integrity of cell scaffold systems.  Furthermore, the developed scaffold 
provides a controlled microenvironment to assess the influence of LN on NSC survival, 
migration, and differentiation.  Lastly, co-delivering NSC with the MC-LN tissue 
engineered scaffold into a mechanically injured neural co-culture test-bed or in vivo TBI 
model confirmed the importance of ECM cues for NSC survival and migration, 
respectively.    
 
 
 
 1 
CHAPTER 1:  INTRODUCTION 
Motivation 
Each year, 1.6 million traumatic brain injuries (TBI) are reported in the United 
States (Rutland-Brown et al. 2006).  More staggering is the estimation that 5.3 million 
Americans are living with a TBI related disability (Thurman et al. 1999); this number is 
steadily increasing as TBI is the leading cause of injury to military personnel in the Iraq 
war (Warden 2006).  However, current clinical therapies primarily address acute 
secondary injuries (e.g., intracranial pressure, cerebral edema and hemorrhage) and recent 
pharmacological therapies have failed to benefit TBI patients in clinical trials (see review 
(Marklund et al. 2006)).  Consequently, the deleterious sequelae following the primary 
insult continues to cause tissue damage for months and perhaps years.  Therefore, a 
sustained therapy may alleviate tissue loss and degeneration and ultimately enhance the 
quality of life for TBI patients.  Cell transplantation is one potential sustained therapy.  
This treatment modality has been shown to increase functional outcomes in experimental 
TBI models (Gao et al. 2006; Hoane et al. 2004; Riess et al. 2007; Riess et al. 2002a; 
Shear et al. 2004; Zhang et al. 2005), however, donor cell survival is a major limitation 
(Bakshi et al. 2005; Philips et al. 1999; Shindo et al. 2006).  Transplanting cells with a 
pro-survival signal through either exogenous supplements or endogenous genetic 
alterations may contribute to improved donor cell survival (Bakshi et al. 2006; Bhang et 
al. 2007; Boockvar et al. 2005; Chen et al. 2002; Tate et al. 2002).  Therefore, the goal of 
this project was to develop and characterize a rationally-designed scaffold that possesses 
both minimally invasive delivery capabilities and presents bioadhesive moieties to 
promote transplant survival within the traumatically injured brain. 
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Background 
Traumatic Brain Injury 
Pathological Events 
The pathologic events of a traumatic brain injury (TBI) are divided into two 
categories: primary and secondary damage.  The initial traumatic impact deforms the 
brain tissue initiating immediate necrosis (primary damage).  The necrotic primary 
damage in turn activates secondary damage that includes excitotocity, ischemia, 
apoptosis, and release of radical oxygen species (ROS) (Chen et al. 2003).   Briefly, 
initial cell membrane disruption due to mechanical injury leaves the cell permeable to 
normally impermeant molecules, thus triggering a homeostatic imbalance of ions and 
other regulated cytosolic molecules.  This imbalance leads to alterations in immediate-
early gene expression and activation of ROS, apoptotic genes, and intercellular proteases 
(Chen et al. 2003; McIntosh et al. 1998).  Furthermore, the inflammatory response of 
macrophages and microglia has also been implemented in the deleterious cascade as they 
release cytotoxic cytokines (e.g., tumor necrosis factor and interleukins) and free oxygen 
radicals.  Not only are these cytokines toxic to neurons, but they also activate the 
astrogliotic pathway that initiates the formation of the glial scar (Fawcett and Asher 
1999).  The acute glial scar is comprised of reactive astrocytes, oligodendrocyte precursor 
cells, microglia, meningeal cells, and macrophages, whereas the chronic glial scar 
primarily consists of reactive astrocytes (Fawcett and Asher 1999). The initial glial 
response is elicited in order to wall off the injured region and reestablish the blood brain 
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barrier.  Each of the cell types within the scar releases/expresses molecules that have 
been found to be both permissive (growth factors and extracellular matrix proteins; ECM) 
and inhibitory (e.g., chondroitin sulfate proteoglycans) to endogenous regeneration 
(Busch and Silver 2007; Chen et al. 2003).  Therefore, it is apparent that multiple 
intricate signaling cascades and cellular responses are prevalent in the injured brain, 
rendering a complex and potentially hostile environment for transplanted cells.     
Modeling TBI: Controlled Cortical Impact Injury 
Various experimental TBI models have been developed to investigate the 
associated pathophysiology and test potential therapies; the most common models are the 
controlled cortical impact (CCI), weight drop, and fluid percussion.  The CCI injury 
imparts a controlled mechanical compression to the cortical surface of the brain.  This 
injury results in an acute physiological response (e.g., cerebral edema, subdural 
hemotoma, and hemorrhaging) and histopathology consistent with cortical contusion in 
human TBI (Chen et al. 2003; Dixon et al. 1991; Fujimoto et al. 2004; Unterberg et al. 
2004).  The advantages of using the CCI model include control over the velocity, depth, 
duration, and angle of impact.  Injury severity has been positively correlated with 
velocity and depth of impact (Dixon et al. 1991; Fox et al. 1998; Saatman et al. 2006).  
For this study, the injury severity utilized moderate injury parameters to produce cortical 
and subcortical damage and sustained sensorimotor and spatial learning deficits (Dixon et 
al. 1999; Fox et al. 1998; Saatman et al. 2006; Shear et al. 2004).  This well-established 
injury model in the mouse provides a reproducible injury setting to evaluate experimental 
therapies for TBI.  
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Current Clinical Therapies 
Unfortunately, the current clinical treatments for TBI are very limited.  
Emergency care primarily addresses the acute physiological responses (e.g., controlling 
elevations in intracranial pressure and cerebral perfusion pressure) and long-term 
therapies are largely palliative measures (Nolan 2005).  A large number of 
pharmacological therapies have gone to clinical trials for TBI; however, such treatments 
either focus on a single signaling cascade or the target spectrum has collateral detrimental 
effects systemically and have failed in clinical trials (see review (Marklund et al. 2006)).  
TBI initiates an abundant number of highly complex molecular signaling pathways; thus, 
a multifaceted therapy is required to attenuate the degenerating injury environment.  
Other current clinical trials include therapies aimed at hindering the inflammatory 
response and provide neuroprotective effects, such as acute hypothermia (Adelson et al. 
2005; Davies 2005), and early administration of erythropoietin (Grasso et al. 2007), 
progesterone (Wright et al. 2005), and citicoline (Calatayud Maldonado et al. 1991).  
Moreover, clinical trials are also evaluating pharmaceutical therapies for post-TBI 
behavioral issues, such as depression, irritation, and aggression.  Sertraline, a selective 
serotonin reuptake inhibitor, is one example of this treatment that addresses behavioral 
disorders that persist after a TBI (Fann et al. 2001; Zafonte et al. 2002).  Each of these 
treatment modalities target specific events that occur after injury.  Neural transplantation, 
however, may provide a multifaceted therapeutic approach to target multiple events that 
occur post-injury and would greatly improve the current state of clinical therapies.  
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Extracellular Matrix: Laminin, an Integral Protein in the Brain 
During neural development, ECM proteins are critical players.  Laminin-1 (LN), 
laminin-10, fibronectin (FN), and collagen-IV (Cn IV) are all ECM proteins that are 
important to neural signaling and have been associated with cellular survival, adhesion, 
migration, and differentiation (Chothia and Jones 1997; Freire et al. 2002; Powell and 
Kleinman 1997).  Moreover, recent analysis of the stem cell niche in the adult 
subependymal layer has identified the co-localization of LN subunits with basic 
fibroblast growth factor (bFGF) (Kerever et al. 2007; Mercier et al. 2002; Mercier et al. 
2003).  These findings indicate that the ECM not only provides direct cell support 
through cell-ECM interactions, but it also sequesters growth factors for neural stem cells 
(NSC).  More specifically, LN has been shown to enhance neurite outgrowth during 
neurogenesis and neural differentiation and migration of neural stem cell explants 
(Flanagan et al. 2006; Freire et al. 2002; Kearns et al. 2003; Nakajima et al. 2007; Tate et 
al. 2004).  Further investigation of cell-LN interactions has identified specific receptors 
on neuronal cells that support and promote neurite outgrowth and cell adhesion, namely 
α1β1, α3β1, and α6β1 integrins, 67 kDa LN receptor, and 110 kDa LN receptor (Jacques et 
al. 1998; Leone et al. 2005; Powell and Kleinman 1997; Tate et al. 2004).  Therefore, LN 
is a prominent ECM protein that positively influences neural cell survival, migration, and 
differentiation and is a candidate protein for incorporation into a NSC-based treatment 
formulation.  
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Neural Transplantation 
Cell Source 
Numerous cell sources are available for neural transplantation; such sources 
include, but not limited to, embryonic stem (ES) cells, mesenchymal bone marrow stem 
cells (MSCs), umbilical cord stem cells, and fetal-derived neural stem cells (NSCs).  In 
TBI models, positive function outcomes have been recorded with the majority of these 
cell types (Lu et al. 2002; Mahmood et al. 2006; Riess et al. 2007; Riess et al. 2002a; 
Shear et al. 2004).  Transplantation of ES cells in TBI models has resulted in tumor 
formation (Riess et al. 2007); although the propensity of ES to form tumors has been 
reduced by inducing neural differentiation prior to transplantation (in a degenerating 
striatum model) (Dihne et al. 2006).  The success of MSC transplants has indicated an 
influence on endogenous host stem cell proliferation, potentially through the release of 
soluble factors from the MSCs (Mahmood et al. 2004).  Moreover, neurospheres 
comprised of neural stem, progenitor, and precursor cells have the potential to provide 
critical neural cell-cell contacts in addition to trophic support in an injury environment.  
Therefore, we chose to use NSCs as the transplant cell type for this study. 
Current Limitations 
While improved function after neural transplantation has been reported, poor 
transplant survival potentially limits the maximum potential of this therapy (Bakshi et al. 
2005; Boockvar et al. 2005; Kim et al. 2006; Marchionini et al. 2004).  More specifically, 
apoptosis of neural transplantation has been recorded in a variety of injurious and 
neurodegenerative pathologies (Bakshi et al. 2005; Chen et al. 2002; Emgard et al. 2003; 
Marchionini et al. 2004).  Activation of apoptotic signaling pathways has been detected 
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as early as 90 minutes after transplantation in Parkinson’s model (Emgard et al. 2003) 
and 24 hrs in a TBI model (Bakshi et al. 2005).  Furthermore, a significantly higher 
percentage of donor cells underwent caspase-mediated apoptosis in the traumatically 
injured brain compared to transplants delivered to sham brains (Bakshi et al. 2005).  
Recent studies have demonstrated moderate increases in donor cell survival by pre-
incubation with growth factors, co-delivery with ECM molecules, or genetic 
modifications of the cells to upregulate molecules involved in pro-survival pathways 
(e.g., growth factors, Bcl-2) (Bakshi et al. 2006; Boockvar et al. 2005; Duan et al. 2000; 
Marchionini et al. 2003; Sinson et al. 1996; Tate et al. 2002).  Therefore, in order to 
maximize transplant survival, additional pro-survival cues will be necessary to overcome 
apoptotic signaling in a pathological environment.   
 
Neural Stem Cells 
Culture methods for fetal-derived NSCs harvested from the germinal eminence of 
the developing subventricular zone were developed by Reynolds and Weiss (Reynolds et 
al. 1992).  NSCs in the presence of basic fibroblast growth factor (bFGF) or epidermal 
growth factor (EGF) maintain a proliferative multipotent progeny.  Furthermore, NSCs 
form clonally derived aggregates or neurospheres (Engstrom et al. 2002).  Neurospheres 
are comprised of heterogeneous cell types with a phenotypic distribution dependent on 
position within the neurosphere and neurosphere size (Campos et al. 2004; Engstrom et 
al. 2002; Suslov et al. 2002).  Moreover, the phenotypic pattern and co-localization of 
ECM production is similar to that observed in neural development (Campos et al. 2004).  
NSC adhesion, migration, and differentiation profiles have been evaluated by culturing 
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NSC on various ECM proteins (LN, FN, collagen I, and Col IV).  Collectively, results 
from these studies demonstrate increased adhesion and migration on FN and LN 
substrates, although enhanced neuronal differentiation has been observed on LN only 
(Kearns et al. 2003; Leone et al. 2005; Tate et al. 2004).  Moreover, NSC maintenance 
and migratory capacity on LN has been shown to be mediated through β1 integrins 
(Campos et al. 2004; Flanagan et al. 2006; Jacques et al. 1998; Leone et al. 2005; Tate et 
al. 2004).  Collectively, these studies established a baseline response of NSCs to ECM 
proteins.  Developments in protein immobilization technology have elevated the level of 
complexity in which ECM proteins and peptide sequences can be presented on 2-D 
surfaces (Nakajima et al. 2007; Saha et al. 2007).  Furthermore, recent in vitro studies 
have evaluated NSC response within 3-D cultures with controlled presentation of the 
ECM and/or growth factors (Brannvall et al. 2007; Ma et al. 2005; Mahoney and Anseth 
2007).  These studies demonstrate the potential bioengineered materials hold for 
evaluating basic biological questions, such as examination of interactions between 
bioadhesive and soluble factors in the extracellular environment and NSC survival, 
proliferation, migration, and differentiation. 
 
Biomaterials 
Thermoresponsive hydrogels 
A select number of thermoresponsive polymers undergo a solution-gelation (sol-
gel) phase transition in situ due to the difference between ambient room temperatures and 
physiological temperatures.  Thus, a thermoreversible hydrogel system can be exploited 
to deliver cell- or pharmaceutics-based therapies in a minimally-invasive manner into an 
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injury-induced lesion cavity.  Upon gelation in situ, 3-D microenvironment is formed to 
provide structural support for transplanted cells. Polymeric systems, such as 
methylcellulose (MC) (Tate et al. 2001), poly(N-isopropylacrylamide) (NiPAAm) (Stile 
et al. 1999), agarose (Yu and Bellamkonda 2003), and poly(ethylene glycol)-poly(lactic 
acid)-poly(ethylene glycol) tri-block polymer (Jeong et al. 1997), have been used in 
several biomedical applications because of this thermoresponsive property.  The gelation 
mechanism for such thermosensitive polymers is through either covalently or physically 
crosslinked networks.  In general, a thermosensitive free radical initiator is necessary to 
generate covalently crosslinked hydrogel networks, whereas physically crosslinked 
networks form as a function of secondary intramolecular and intermolecular interactions 
(Young and Lovell 1991).  However, potential cytotoxic effects on the donor cells as well 
as on the surrounding host tissue from a free radical initiator are a concern when applying 
this methodology to in situ hydrogel for cell delivery (Temenoff et al. 2003).  Therefore, 
a hydrogel, such as MC, based on physical crosslinks may prove to be advantageous, as 
the need for a secondary crosslinking initiator is eliminated.  The gelation mechanism for 
MC arises from an increase of intramolecular and intermolecular hydrophobic 
interactions as the temperature increases (Desbrieres et al. 2000; Kobayashi et al. 1999).  
In peripheral nerve and spinal cord transection models, MC and MC polymer blends have 
supported neurite outgrowth and improved functional recovery (Gupta et al. 2006; Tsai et 
al. 2006; Wells et al. 1997).  Therefore, MC is a well-established polymer system for 
neural tissue engineering applications. 
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“Bioactivation” of Materials: Incorporating Specificity 
Development of release systems for growth factor delivery and tethering 
bioadhesive moieties to non-adhesive polymer scaffolds has been extensively 
investigated to increase cellular adhesion, survival, and host-implant integration in many 
physiological systems (see reviews (Boontheekul and Mooney 2003; Hubbell 1999; 
Lutolf and Hubbell 2005a).  For instance, limited cell adhesion has been observed on 
native MC (Stabenfeldt et al. 2006; Tate et al. 2001); however, tethering LN to MC 
resulted in increased neuronal adhesion (Stabenfeldt et al. 2006).  This technology has 
also enabled materials to be tailored to specific cell types depending on receptor profiles 
via incorporation of the appropriate ECM protein.  For example, the preferential 
attachment of neuronal cells in the presence of astrocytes was achieved by tethering a 
recombinant form of L1, a cell adhesion molecule, to a substrate (Webb et al. 2001).  
Moreover, studies have shown that the conformation of a tethered or adsorbed 
bioadhesive motif is dependent on substrate surface chemistry, which ultimately 
modulates cell adhesion (Garcia et al. 1999; Keselowsky et al. 2003; Michael et al. 2003).  
Mechanical stiffness is another crucial design parameter that has been shown to influence 
cell-type specific adhesion and migration.  A comparison of astrocyte and neuronal 
adhesion on substrates with differing stiffness demonstrated that astrocyte spreading was 
only supported on stiff substrates whereas the threshold for neurite outgrowth was much 
more compliant (Flanagan et al. 2002; Georges et al. 2006).  Although, the relationship 
between stiffness and ligand density is highly intertwined as astrocyte spreading is 
observed in Matrigel®, a compliant hydrogel with an abundant amount of the ECM 
proteins and growth factors (LaPlaca et al. 2005).  In summary, the tethering ligands, 
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surface chemistry, and mechanical strength must harmonize to render a material that 
supports a specific phenotype.   
Neural Tissue Engineering 
Neural tissue engineering strategies for both the peripheral and central nervous 
systems have utilized a range of biomaterials incorporating biochemical cues to 
ultimately elicit regeneration (see reviews (Lesny et al. 2002; Schmidt and Leach 2003; 
Willerth and Sakiyama-Elbert 2007)).  For example, ECM proteins and neurotrophic 
growth factors have been incorporated into a material-based system to enhance 
regenerative capacity from the host tissue in spinal cord injury (Taylor et al. 2004; Tsai et 
al. 2006).  Following peripheral nerve transection, integration of LN within a hydrogel or 
along the surface of a conduit has been shown to promote functional recovery (Labrador 
et al. 1998; Yu and Bellamkonda 2003).  Moreover, collagen aligned fibrils seeded with 
Schwann cells have also been shown to improve the regenerative capacity of a transected 
nerve (Phillips et al. 2005).  Collectively, these studies illustrate the growth promoting 
effect LN and other ECM components have when incorporated into tissue engineered 
scaffolds. 
While similar obstacles are shared across peripheral, spinal, and brain injuries, 
distinction between the goal of “conduit” tissue engineering (i.e. spinal cord and 
peripheral nerve) and TBI tissue engineering must be made.  Ultimately, conduit tissue 
engineering aims to elicit host regeneration to restore connection with the distal end of a 
severed nerve or axon bundle.  Whereas the structure of brain is highly complex and 
organized; the cells lost in TBI potentially received inputs from hundreds of thousands of 
neurons throughout the brain and cell replacement with tissue engineering strategies will 
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most likely not recapitulate the original structure.   However, if the injurious sequelae of 
TBI are not blocked, then degeneration will continue.  Tissue engineering does have the 
potential to halt further degeneration and spare host tissue in the traumatically injured 
brain. 
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Thesis Objective Outline 
The primary objective of this thesis was to develop a methylcellulose-laminin 
(MC-LN) tissue engineering scaffold for TBI.  More specifically, a MC-LN scaffold was 
optimized to enhance cell transplant survival in neural injury environments.  This 
objective was addresses through the following studies: 
1. Optimization of LN tethering chemistry.  Chapter 2 and 3 outline two 
tethering chemistries that were used in this study.  The outcome highlighted 
the importance of tethering chemistry and efficiency on generating a 
biofunctionalized scaffold. 
2. Modulation of ligand density and mechanical properties.  Chapter 3 presents 
the neuronal survival and neurite outgrowth dependence on material stiffness 
and available ligand. 
3. Microenvironment influences NSC fate.  Chapter 4 highlights the effect of 
microenvrionmental cues on NSC survival, migration, and differentiation. 
4. Protective effect of MC-LN on NSC survival neural injury environments.  
Chapter 5 evaluates the influence of co-delivering NSCs with MC-LN into 
neural injury environments (i.e. in vitro injury model and in vivo TBI model). 
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CHAPTER 2:  THERMOREVERSIBLE LAMININ-
FUNCTIONALIZED HYDROGEL FOR NEURAL TISSUE 
ENGINEERING  
(As published with A. J. García and M.C. LaPlaca in the Journal of Biomedical 
Materials Research Part A 77A (4): 718-725.) 
 
Abstract 
Traumatic injury to the central nervous system triggers cell death and 
deafferentation, which may activate a cascade of cellular and network disturbances. 
These events often result in the formation of irregularly shaped lesions comprised of 
necrotic tissue and/or a fluid-filled cavity.  Tissue engineering represents a promising 
treatment strategy for the injured neural tissue.  To facilitate minimally invasive delivery 
of a tissue engineered system, a thermoreversible polymer is an attractive scaffold 
candidate.  We have developed a bioactive scaffold for neural tissue engineering by 
tethering laminin-1 (LN) to methylcellulose (MC), a thermoresponsive hydrogel.  The 
base MC chain was oxidized via sodium m-periodate to increase MC tethering capacity.  
Protein immobilization was facilitated by a Schiff base reaction between primary amine 
groups on LN and the carbonyl groups of the oxidized MC chain.  Immunoassays 
demonstrated tethering of LN at 1.6 ± 0.5 ng of LN per mg of MC.  Rheological 
measurements for different MC-LN constructs indicated MC composition- and MC 
treatment-dependent effects on solution-gelation transition temperature.  Cellular assays 
with primary rat cortical neurons demonstrated enhanced cell adhesion and viability on 
LN-functionalized MC compared to base and oxidized MC.  This bioadhesive 
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thermoresponsive scaffold may provide a robust delivery vehicle to injured CNS tissue 
for neural cell transplantation strategies. 
Introduction 
Traumatic injury to the central nervous system (CNS) is a significant 
socioeconomic problem.  For instance, traumatic brain injury (TBI) and spinal cord injury 
(SCI) afflict over 90,000 people each year, and 5.3 million people in the United States are 
presently living with TBI-related disabilities (2004; Adekoya et al. 2002).  Traumatic 
injury to the CNS evokes deleterious cascades that results in cell death and dysfunction 
(McIntosh 1994; McIntosh et al. 1996; Siesjo and Wieloch 1988) and ultimately leads to 
the formation of an irregularly shaped lesion cavity (Chen et al. 2003; Sutton et al. 1993).  
The inherent regenerative capabilities of the adult CNS are limited, and more 
importantly, traumatic injury to the CNS generates a complex molecular environment 
comprised of both inhibitory (e.g., chondroitin sulfate proteoglycans) and permissive 
(e.g., growth factors) molecules to endogenous regeneration (Chen et al. 2003).  
Therefore, therapeutic strategies aiming to enhance and restore regenerative potential 
represent promising treatment modalities.  The complex lesion cavity creates a significant 
structural problem for existing tissue engineered scaffolds (e.g., poly(N-2-
(hydroxypropyl) methacrylamide) (Woerly et al. 1999), poly(lactic acid) (PLLA) (Yang 
et al. 2004), and poly(2-hydroxylethyl methacrylate-co-2-aminoethyl methacrylate) 
(Flynn et al. 2003)), which generally require invasive surgical techniques for 
implantation and do not conform to the cavity shape.  Consequently, research efforts have 
focused on thermoresponsive polymeric systems such as poly(N-isopropylacrylamide) 
(PNIPAAm) (Stile et al. 1999), agarose (Yu and Bellamkonda 2003), and poly(ethylene 
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glycol) (PEG)-PLLA-PEG tri-block polymer (Jeong et al. 1997).  These 
thermoresponsive polymers undergo solution-gelation (sol-gel) transitions that facilitate a 
minimally invasive delivery due to in situ gelation mechanisms that occur from inherent 
differences between ambient room and physiological temperatures.  Thus, a 
thermoresponsive hydrogel can be injected into a CNS lesion cavity in a minimally 
invasive manner to deliver cell- or pharmaceutics-based therapies.   
Motivated by the potential advantages of thermosensitive polymer-based 
scaffolds, this study focused on developing a laminin-1 (LN)-functionalized 
methylcellulose (MC) hydrogel for neural tissue engineering applications.  The gelation 
mechanism for MC arises from an increase in intra- and inter-molecular hydrophobic 
interactions as the temperature increases (Desbrieres et al. 2000; Kobayashi et al. 1999).  
MC exhibits minimal inflammatory reactions following implantation into a TBI lesion 
cavity (Tate et al. 2001) and within a conduit placed in a peripheral nerve defect (Wells et 
al. 1997).  In addition, MC has also been investigated as a delivery agent for intraoptical 
(Kumar et al. 1994) and oral pharmaceutic therapies (Bussemer et al. 2003).  
Furthermore, MC displays limited protein adsorption and neuronal cellular adhesion 
(Tate et al. 2001), indicating that MC is a relatively non-bioactive hydrogel that requires 
immobilization of biological moieties along the polymer chain backbone to promote cell 
adhesion.   
Tethering of protein or bioactive peptide sequences to non-adhesive polymer 
scaffolds has been extensively investigated to increase cellular adhesion, survival, and 
host-implant integration in various tissue environments (see Review (Lutolf and Hubbell 
2005b)).  For example, conjugation of the fibronectin-derived sequence arginine-glycine-
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aspartic acid (RGD) to PEG (Dai et al. 1994; Hern and Hubbell 1998) and NIPAAm (Na 
and Park 2000; Smith et al. 2003) hydrogels and PLLA scaffolds (Quirk et al. 2001), 
TGF- to PEG (Mann et al. 2001) hydrogels, and LN-derived peptides to fibrin (Schense 
et al. 2000), conveys biofunctionality to these synthetic supports.   
Consequently, we hypothesized that covalent immobilization of an extracellular 
matrix (ECM) protein to the MC hydrogel will enable the presentation of bioactive 
signals essential to neuronal cell adhesion, survival, and migration.  We selected LN as a 
candidate bioadhesive ligand, as this protein regulates neuronal cellular survival, 
adhesion, migration, and differentiation in the CNS (Chothia and Jones 1997; Freire et al. 
2002; Powell and Kleinman 1997).  When immobilized onto polymeric hydrogels, LN 
elicits regenerative responses in the sciatic nerve gap (Labrador et al. 1998; Yu and 
Bellamkonda 2003).  By tethering LN to MC, we have developed a thermosensitive 
bioactive scaffold for neural tissue engineering applications.  This study focused on the 
development and material characterization of this LN-functionalized MC hydrogel.  
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Methods 
Conjugation of LN to MC 
MC (Mw~65,000; Sigma Aldrich, St. Louis, MO) was oxidized via a Malaprade-
type reaction facilitated by 20 mM sodium m-periodate (Sigma) in 100 mM sodium 
acetate buffer, pH 5.5 (Margutti et al. 2002).  The reaction was performed at room 
temperature in the absence of light for 4 hours and was subsequently quenched with 150 
mM glycerol (Sigma).  After dialysis against 100 mM sodium acetate buffer, the oxidized 
MC (OXMC) solution underwent another dialysis against deionized H2O (dH2O).  The 
OXMC in dH2O was then lyophilized and reconstituted to a desired concentration in 
phosphate buffered saline (PBS; pH 7.4; Invitrogen, Carlsbad, CA).  Samples were then 
incubated for 15 hours with dithiothreitol-reduced LN from Engelbreth-Holm-Swarm 
murine sarcoma (Invitrogen) to generate OXMC-LN.  Negative controls included base 
MC and OXMC incubated with PBS and are referred to as MC and OXMC respectively.  
Upon completion of the conjugation scheme, unconjugated LN was rinsed from samples 
with PBS supplemented with 0.1% (v/v) Tween 20 (Sigma) followed by 4 rinses with 
PBS.  
Infrared (IR) Spectroscopy  
Solid phase IR spectroscopy (Thermo Nicolet Nexus 470 FT-IR, Madison, WI) 
was performed on lyophilized samples of MC (n=2) and OXMC (n=2) compressed into 
KBr prisms to verify the presence of oxidized groups on MC.  The IR spectrum of each 
sample was measured from 4000 to 500 cm
-1
.  Band assignments were based on previous 
reports of MC (Zhbankov 1966) and OXMC (El-Khatib 2002; Varma and Kulkarni 2002) 
spectra. 
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Quantification of Tethered Ligand 
Conjugation of LN to OXMC was quantified via a dot blot immunoassay.  
Briefly, 1.5 μl of each sample (OXMC-LN, OXMC, MC+LN, and MC), serial dilutions 
of each sample, and LN standards (45 pg to 1.5 ng) were blotted onto a nitrocellulose 
membrane.  The membrane was blocked with a Tris-HCl buffered solution (TBS; Sigma) 
supplemented with 5% bovine serum albumin (BSA; Sigma) and 0.05% Tween 20 
(Sigma) for 1.5 hours.  The membrane was then incubated in polyclonal rabbit anti-
laminin antibody (0.6 g/ml; Sigma) in TBS-Tween with 0.1% BSA for 1 hour, followed 
by incubation in alkaline-phosphatase conjugated goat anti-rabbit secondary antibody (60 
ng/ml; Chemicon, Temecula, CA) for 1 hour.  After a 5 minute incubation in ECF 
substrate (Amersham Biosciences, Piscataway, NJ), fluorescence intensities were 
measured with a FLA-3000 Fuji Imager Analyzer (FUJIFILM Medical Systems USA, 
Stamford, CT).  Fluorescent intensities were measured by image analysis with Photo-
Paint 9 (Corel Corporation, Dallas, TX).   
Thermal and Dynamic Rheological Measurements 
Rheological analyses were performed on a Bohlin CVO rheometer (Bohlin, East 
Brunswick, NJ) with a parallel plate configuration.  A temperature sweep from 22-46C 
(0.5C/min) under constant frequency (1 rad/sec) and low amplitude stress was 
performed on each sample group (MC, OXMC, and OXMC-LN; n=4-7).  The lower 
critical solution temperature (LCST) was determined by the intersection of the loss (G'') 
and storage (G') moduli (Kobayashi et al. 1999).  To examine the mechanical integrity of 
the MC hydrogels at physiological temperatures, a frequency sweep from 0.05-10 Hz was 
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performed on each sample group (MC, OXMC, and OXMC-LN; n=6-8) under constant 
low amplitude stress upon equilibration to 37C.   
Cortical Neuron Isolation and Culture 
Cortices from embryonic day 18 (E18) Sasco Sprague-Dawley rats were dissected 
and dissociated according to Georgia Institute of Technology IACUC-approved 
protocols.  This well-established protocol was modified from Brewer (Brewer 1997) and 
optimized for cortical neuron cultures.  Briefly, cortices were extracted from E18 fetuses, 
rinsed twice with Hank’s Balanced Salt Solution (HBSS; Invitrogen), and placed in a 
hibernate solution consisting of L-15 supplemented with 2% B-27 (Invitrogen).  Cortices 
were then stored at 4C until dissociation and plating (maximum of 7 days after 
dissection).  Dissociation of the cortical tissue began with rinsing the tissue with cold 
HBSS thrice, then incubated in trypsin (0.25%) + EDTA (1 mM; Invitrogen) at 37C for 
10 minutes.  Following removal of trypsin, cortices were rinsed twice with HBSS then 
placed in HBSS supplemented with DNase (0.15 mg/ml; Sigma) and vortexed for 30 
seconds.  Remaining tissue fragments were removed and the resulting cell suspension 
was centrifuged at 180g for 3 minutes.  The cell pellet was resuspended in Neurobasal 
medium supplemented with 2% B-27 and 0.5 mM L-glutamine (neuronal medium; 
Invitrogen) and placed on ice until the cells were plated.  Cells were plated within 30 
minutes of dissociation with no reduction in viability, as measured with a standard trypan 
blue exclusion viability assay. 
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Cell Attachment and Viability Assays 
Cell attachment to native and modified MC was analyzed using a wash assay.  
Bovine serum albumin (BSA; Invitrogen) was tethered to OXMC to produce a negative 
control group (OXMC-BSA), as BSA contains no known bioadhesive sequences.  
OXMC-BSA was prepared according to the OXMC-LN conjugation method.  Surfaces of 
a 24-well tissue culture plate were coated with each sample (OXMC-LN, OXMC-BSA, 
OXMC, MC, MC+BSA and MC+LN) to create a 50 µm thick hydrogel layer.  Samples 
were then placed in a tissue culture incubator for 30 minutes prior to cell plating to ensure 
gelation of the hydrogel.  Neurons were plated on top of each gel substrate (n=3 per 
substrate) at a density of 1x10
5 
cells/cm
2
 in 500 µl of neuronal medium and maintained in 
a tissue culture incubator (37ºC, 5% CO2, 95% relative humidity).  After medium 
exchange at one day post-plating, phase-contrast micrographs (3 images per well) were 
captured with a Nikon TE-300 (Nikon, Japan) inverted microscope equipped with a 
DKC5T5/DMC Sony digital camera (Sony, Japan).  Images were analyzed for both the 
number of cell clusters and area of attached cells on each substrate using Image-Pro Plus 
software (Media Cybernetics, Silver Spring, MD).   
Viability of cortical neurons plated within the MC hydrogels was also examined.  
Neurons were harvested and dissociated according to the protocol outlined above.  Three-
dimensional (3-D) cell/scaffold constructs were prepared by combining dissociated 
primary cortical neurons (10
5
 cells/mm
3
) with liquid MC solution (4C).  After gentle 
mixing, each construct was cast in a sterilized custom-made elastomer (Sylgard 184 and 
186; Dow Corning, Midland, MI) chamber mounted on a glass coverslip and allowed to 
gel at 37C.  Neuronal medium was then added atop of the gelled construct.  Constructs 
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were maintained in a tissue culture incubator (37C, 5% CO2, 95% relative humidity).  At 
1 day post-plating, viability was assessed with a viability assay (calcein AM and ethidium 
homodimer (EthD-1); Sigma).  Briefly, constructs were rinsed with PBS and then 
incubated with PBS containing 2 M calcein AM and 4 M EthD-1 for 30 minutes.  
Upon removal of the calcein AM/EthD-1 solution and subsequent rinsing, cellular 
viability was examined with a confocal laser scanning microscope (LSM 510; Zeiss, 
Thornwood, NY).  Three random 100 m thick z-stacks for each construct were captured 
and analyzed with LSM Image Browser (Zeiss) to record viability. 
Data Analysis 
Data are presented as one standard deviation from the mean.  Results were 
analyzed by one-way ANOVA.  If treatments were determined to be significant, pair-
wise comparisons were performed using Tukey’s test.  A 95% confidence level was 
considered significant. 
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Results 
Oxidation of MC Facilitates LN Tethering 
Our strategy to functionalize MC with LN involved a Schiff base reaction 
between primary amine groups in LN and carbonyl groups on MC polymer chain (Figure 
2.1).  Native MC contains relatively few accessible carbonyl groups, and therefore does 
not support efficient protein tethering.  To generate a reactive MC support, MC was 
oxidized with sodium m-periodate, which yields carbonyl groups via a Malaprade-type 
reaction that preferentially breaks the C2-C3 bond of vicinal hydroxyl groups to form a 
2,3-dialdehyde (Figure 2.1, step 1).  IR spectroscopy verified the formation of dialdehyde 
groups after oxidation of MC (Figure 2.2).  Both the reduction of the alcohol band at 
3460 cm
-1
 and the emergence of a carbonyl band at 1720 cm
-1
 on the OXMC spectra 
confirmed partial oxidation of MC (El-Khatib 2002; Zhbankov 1966).  Further 
examination of the degree of oxidation on the MC chain was performed with a Lucifer 
yellow-CH assay (data not shown) derived from protocols that characterized the degree 
of periodate oxidation on carbohydrate moieties (Keener et al. 1994; Wolfe and Hage 
1995).  Our quantification revealed a reproducible degree of oxidation on the MC chain.  
Collectively, these results indicate that this methodology reproducibly produces an 
oxidized MC support. 
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Figure 2.1 – Scheme for tethering LN to MC. Step 1: Sodium m-periodate (NaIO4) 
oxidation of MC via a Malaprade-type reaction, which breaks the C2-C3 bond of vicinal 
hydroxyl groups to form a 2,3-dialdehyde structure. Step 2: Aldehyde groups of OXMC 
were reacted directly with primary amine groups of LN via Schiff base linkage. 
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Figure 2.2 – Oxidization of MC. The IR spectra for MC and OXMC highlights the 
reduction of the C-OH stretch at 3460 cm
-1
 and the emergence of a carbonyl peak at 1720 
cm
-1
 of OXMC compared to MC, which are key indicators of a partially oxidized MC 
chain. 
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To produce functionalized MC, oxidized MC was incubated with dithiothreitol-
reduced LN. Following incubation, samples were extensively rinsed in buffer to remove 
unconjugated LN, blotted on a nitrocellulose membrane, and immunoprobed for LN with 
a polyclonal antibody.  Significant amounts of LN were detected on the OXMC-LN 
sample compared to MC and OXMC groups (Figure 2.3), thus confirming the presence of 
an OXMC-LN conjugate.  No fluorescence was detected in samples of MC mixed with 
LN (MC+LN); therefore the rinsing procedure successfully removed unbound LN from 
the hydrogel.  Non-specific antibody binding was not observed with the negative OXMC 
control.  Quantification of the LN content of OXMC-LN revealed 1.6 ± 0.5 ng of LN per 
mg of OXMC. 
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Figure 2.3 – LN tethered to OXMC. The absence of fluorescence in MC (A), OXMC 
(B), and MC+LN (C) indicated a deficiency of LN in these samples.  Conversely, 
positive fluorescence was detected in OXMC-LN (D) indicating immobilization of LN to 
OXMC. 
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Material Properties of MC Depend on Conjugation State 
We define the lower critical solution temperature (LCST), i.e. the characteristic 
temperature for solution-to-gel transition, as the temperature at which the elastic modulus 
(G') crosses over the viscous modulus (G'') (Kobayashi et al. 1999) (Figure 2.4A).  The 
rheological behavior as a function of temperature for MC, OXMC, and OXMC-LN at 5% 
and 7% (w/v) concentration in PBS is presented in Figure 2.4B.  For minimally invasive 
delivery of MC, it is desirable for the LCST not to exceed physiological temperature 
(37°C) to ensure sol-to-gel transition following delivery.  MC processing conditions 
altered the LCST as demonstrated in Figure 2.4 and Table 2.1.  For example, at 5% (w/v) 
concentration the LCST for MC and OXMC were 33.5 ± 0.5°C and 36.15 ± 1.4°C, 
respectively.  We attribute the increase in LCST to a reduction in hydrophobic 
interactions responsible for gelation as a result of oxidation of the MC C2-C3 vicinal 
bonds.  Functionalization of MC with LN further increased the LCST as observed with 
7% OXMC-LN (33.2 ± 0.9 ºC) compared to 7% OXMC (30.0 ± 0.9 ºC), possibly through 
disruptions of hydrophobic interactions among MC chains.  The LCST of MC and its 
derivatives was also dependent on polymer concentration as decreasing polymer 
concentration from 7% to 5% increased the LCST.   
Additional effects from polymer processing and modifications of the polymer 
concentration on the mechanical properties of MC and its derivatives were evaluated with 
dynamic rheological testing.  Samples were exposed to oscillatory frequency sweeps 
(0.05–10 Hz) at 37ºC under low amplitude shear strain.  An increase in the complex 
modulus, defined as the ratio of the complex stress to the complex strain, was observed 
by increasing the polymer concentration from 5% to 7% (Table 2.1).  Interestingly, 
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although an alteration of LCST was observed after polymer processing, no significant 
differences in the complex, storage, or loss moduli were observed between MC, OXMC, 
and OXMC-LN after samples were allowed to equilibrate at 37ºC (Table 2.1).  
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Figure 2.4 – LCST for MC modifications. (A) The LCST, marked on the figure with a 
dashed line, was determined as the point in which the storage modulus (G') dominates the 
loss modulus (G'').  This plot is representative of the data collected from a 5% MC 
sample. (B) Gelation temperature of 5% MC was 33.5 ± 0.5°C and OXMC was 36.1 ± 
1.4°C. The gelation temperature of 7% MC was 28.6 ± 1.5°C, OXMC was 29.9 ± 2.0°C, 
and OXMC-LN was 33.2 ±,0.9°C. Error bars represent one standard deviation from the 
mean. # indicates p < 0.01 and $ indicates p < 0.05. 
  
A. 
B. 
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Table 2.1 – Viscoelastic material properties of MC and its derivatives.  The LCST was 
measured via thermal rheological tests, while the complex, elastic, and viscous moduli 
were measured after gelation at 37°C with a dynamic oscillatory frequency sweep.  The 
moduli reported in this table correlate with an oscillatory frequency of 0.106 Hz.  
Comparison of the moduli reveled a significant statistical difference between samples of 
differing concentrations (i.e., 5% MC versus 7% MC). 
 
 
Sample 
Type 
LCST 
(C) 
Elastic 
Modulus at 
37C (G, 
Pa) 
Viscous 
Modulus at 
37C (G, Pa) 
Complex 
Modulus at 
37C (G*, 
Pa) 
5% MC 
33.5  
0.5 
76.7  18.9 19.0  5.7 
79.0  19.7 
5% OXMC 
36.2  
1.4 
112.5  19.3 26.3  9.2 
115.6  20.7 
5% OXMC-
LN 
- 
91.9  14.8 20.4  4.7 
94.1  15.4 
7% MC 
28.6  
1.5 
139.9  27.6 21.2  4.3 
141.5  27.8 
7% OXMC 
30.0  
2.0 
122.5  38.6 17.9  5.4 
123.9  38.5 
7% OXMC-
LN 
33.2  
0.9 
153.8  32.3 24.4  6.9 
155.9  31.8 
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LN-Functionalized MC Supports Neuronal Cell Attachment and Survival 
The biofunctionality of MC and its derivatives was evaluated with both primary 
cortical neuron attachment and viability assays.  Albumin-conjugated MC (OXMC-BSA) 
was included as a negative control for protein-functionalized MC as BSA does not 
support cell adhesion.  At one day post-plating, primary neurons exhibited higher levels 
of attachment, in terms of number of cell clusters (data not shown) and total cell area 
(Figure 2.5), on OXMC-LN gels compared to OXMC-BSA, OXMC, MC+LN, 
MC+BSA, and base MC.  The higher level of neuronal cell adhesion on OXMC-LN was 
attributed to functional immobilized LN. 
Cell viability of the 3-D cell/MC constructs was evaluated at 1 day post-plating 
via a viability assay that labels live cells with a green stain (calcein AM) and dead cells 
with a red stain (EthD-1).  Consistent with the attachment results, OXMC-LN supported 
significantly higher levels of cell survival compared to OXMC, MC, and MC+LN 
(Figure 2.6).  Notably, the sample group with soluble LN (MC+LN) did not elicit 
enhanced survival, indicating a requirement for tethered LN.  Taken together, these 
results demonstrate that tethering LN to the MC polymer chain enhances primary neural 
cell attachment and survival.  The scope of this study was to examine the acute cellular 
response within LN-functionalized MC hydrogels; future studies will include evaluation 
of neuronal function at longer time points. 
Cortical neurons plated within Matrigel (2mg/ml; BD Sciences) elicited 
significantly higher viability than OXMC-LN at one day (data not shown).  Although 
Matrigel is a conventional matrix for in vitro 3D cell plating, a comparison between 
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OXMC-LN and this matrix is invalid due to the vast difference in ECM protein, growth 
factor, and cytokine composition.   
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Figure 2.5 – Attachment of cortical neurons to MC scaffolds. A significant increase in 
cell attachment area was observed on OXMC-LN compared to the MC, OXMC, 
MC+BSA, OXMC-BSA, and MC+LN groups, which were not statistically different from 
each other.  Error bars represent one standard deviation from the mean.  # indicates p < 
0.01. 
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Figure 2.6 – Viability of cortical neurons plated within MC scaffolds. (A) Representative 
micrograph projections from 100 m thick confocal scans of 3-D neuronal cultures in 
MC, OXMC, MC+LN, and OXMC-LN at one day post-plating.  Each column represents 
one confocal projection in which calcein-AM (live) staining is shown in the top panel and 
ethidium homodimer (EthD-1) staining (dead) is shown in the bottom panel.  Fluorescent 
intensities were converted to grey scale for each image.  Scale bar = 50 µm. (B) A 
significant increase in cell viability was observed with OXMC-LN compared to MC, 
OXMC, and MC+LN, which were not statistically different from each other.  Error bars 
represent one standard deviation from the mean.  # indicates p < 0.01. 
 
  
A. 
B. 
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Discussion 
The present study focused on the development of bioactive, thermoresponsive 
MC hydrogel to deliver cells and therapeutics to the injured CNS.  We have validated a 
method to chemically modify MC in order to tether LN, thereby rendering a 
thermoresponsive bioactive scaffold for neural tissue engineering applications.  Oxidation 
via a sodium m-periodate reaction allows for unique control over the oxidation site on the 
MC chain as this malaprade-type reaction breaks only the C2-C3 bond of vicinal hydroxyl 
groups to form a 2,3-dialdehyde without significant side reactions (Figure 2.1) (Margutti 
et al. 2002; Nevell 1963; Varma and Chavan 1995).  An attractive property of MC is that 
the hydrogel is stabilized by a network of physical crosslinks.  These physical crosslinks 
arise from secondary intramolecular and intermolecular hydrophobic interactions.  This 
type of network obviates the need for a free radical initiator that is necessary for many 
chemically crosslinked hydrogels.  Potential cytotoxic effects from a free radical initiator 
on donor cells as well as the surrounding host tissue has been a concern for chemically 
crosslinked hydrogel in situ formation (Temenoff et al. 2003).   
The thermoresponsive nature of MC also affords a conformal scaffold with 
minimally invasive delivery capabilities.  This is particularly important in the treatment 
of trauma to the CNS, as the resulting irregularly shaped lesion cavity poses structural 
and integration problems for pre-formed tissue-engineered constructs.  The LCST, a 
characteristic parameter of the sol-gel transformation, is an important component in the 
design of minimally invasive scaffolds, as it should be set below 37°C in order to ensure 
transformation into a gelled conformal construct following delivery.  Another key criteria 
for this minimally invasive scaffold is the viscosity of the MC solution at temperatures 
37 
 
below the LCST.  A bioactive MC scaffold for future in vivo applications will be injected 
via a small gauge needle at a temperature below the LCST.  Therefore, preliminary 
simulations of dispensing various MC polymer solutions (4-8%) through a small gauge 
needle and syringe were completed to determine an appropriate MC concentration as a 
starting point.  The range of concentrations were selected based on previous examination 
of the cytocompatibility of MC polymer concentrations that ranged from 4% to 8% in 
DPBS, in which no adverse affect on viability of both primary cortical astrocytes and 
neurons was observed at 1 and 7 days (Tate et al. 2001).  Based on the preliminary 
observations for the LCST and viscosity requirements, a 5% MC concentration was 
selected as a starting point.  As shown in Figure 2.4B, the LCST of the MC hydrogel was 
dependent on MC processing and concentration.  For the MC system described here, the 
LCST of the hydrogel was modified to an appropriate temperature range by increasing 
the polymer concentration from 5% to 7%.  Additionally, the mechanical integrity of the 
MC hydrogels after gelation at physiologic temperature was influenced only by 
modification of the polymer concentration.  Variation of the average polymer chain 
length, degrees of substitution (e.g., methyl groups for hydrogen) along the chain, and 
ionic strength of the solvent represent alternative methods to modify the LCST and 
mechanical integrity of the resulting hydrogel.   
Swelling and degradation properties of the MC hydrogel are additional 
fundamental parameters that could affect cellular activity.  While these properties of each 
specific hydrogel formulation was not investigated in this study, in vitro swelling and 
degradation data of 2% and 5% MC has been previously published (Tate et al. 2001).  
The maximum swollen volume of each MC concentration was similar (150-160%), 
38 
 
whereas the rate of swelling differed, with the 2% MC reaching the maximum swollen 
state at 1 day and the 5% at 10 days (Tate et al. 2001).  Degradation for both 2% and 5% 
hydrogels at 1 day was between 15-30% of the initial polymer mass and were not 
statistically different from each other (Tate et al. 2001).  For this study, each MC sample 
group used for the in vitro cellular assays was of the same polymer concentration.  
Therefore, variations of the hydrogel degradation and swelling properties would have 
minimal effect on the cellular assays.  
In order to develop a MC-based scaffold for cell therapeutics, the MC hydrogel 
was functionalized with adhesive motifs to support neuronal cell adhesion and survival.  
Tethering of LN, an ECM component critical to neuronal cell activities, promoted 
enhanced primary cortical neuron attachment and survival compared to unfunctionalized 
supports.  The improvements in cellular activities following immobilization of a 
bioadhesive component are in excellent agreement with a large body of literature (Li and 
Kao 2003; O'Connor et al. 2001; Shin et al. 2002; Silva et al. 2004).  Biochemical cues 
such as ECM proteins, peptide sequences (Schense et al. 2000), and neurotrophic growth 
factors (Taylor et al. 2004) have been incorporated into synthetic and natural hydrogel 
systems to enhance regenerative capacity from the host tissue.  For instance, the 
importance of integrating cellular adhesion moieties is highlighted in sciatic nerve gap 
models for the peripheral nervous system, in which nerve conduits containing LN or LN-
functionalized hydrogels promoted functional recovery (Labrador et al. 1998; Yu and 
Bellamkonda 2003).  Recently, the combination a LN-derived peptide IKVAV and a 
polymeric scaffold has been utilized to differentiate neural progenitor cells into neurons 
and glia for neural tissue engineering applications (Silva et al. 2004).  Future studies will 
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evaluate the capacity of the LN-functionalized MC scaffold to promote neural 
regeneration in both the peripheral and central nervous systems. 
Conclusions 
A LN-functionalized thermoresponsive scaffold was engineered to support 
primary neuronal cell attachment and survival.  This bioactive hydrogel may provide a 
versatile delivery vehicle for cells and pharmacological agents for the treatment of CNS 
injury.     
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CHAPTER 3:  INTERACTIONS BETWEEN HYDROGEL RIGIDITY 
AND LIGAND TETHERING DENSITY INFLUENCE NEURONAL 
VIABILITY AND NEURITE OUTGROWTH 
Abstract 
There is a need for functionalized substrates for neural tissue engineering.  We 
have utilized and characterized a thermoreversible polymer, methylcellulose (MC), 
coupled to laminin-1 (MC-x-LN) across a range of substrate rigidity and ligand densities.  
LN was tethered MC to generate a bioactive matrix with controlled adhesive moieties in 
order to evaluate neuronal viability and neurite outgrowth..  The mechanical properties of 
MC hydrogels were varied by altering MC polymer chain length and concentration; the 
complex modulus increased concurrently with increases in MC chain length and/or 
concentration (complex modulus range: 80 Pa to 400 Pa).  Neurite outgrowth from 
primary cortical neurons plated in 3-D was observed only in the most rigid MC 
hydrogels.  Moreover, outgrowth was significantly amplified when LN was tethered to 
MC.  Subsequently, we investigated the effect of varying LN while maintaining a 
constant MC formulation on primary cortical neuron viability and outgrowth.  A dose 
dependent response was observed for neuronal viability and neurite outgrowth, where the 
peak neurite outgrowth was observed with highest LN density.  Collectively, these data 
demonstrate the complex interactions between material compliance and bioactive ligand 
concentrations and can be used to design tailor bioengineered matrices. 
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Introduction 
Multiple factors influence cellular adhesion and migration on a natural or 
synthetic supports, including the physical properties and density of adhesive ligands.  
Non-fouling materials (e.g., polyethylene glycol, dextatran, methylcellulose hydrogels) 
provide a backbone to link specific biological motifs to control cellular adhesion, 
migration, and infiltration (Bellamkonda et al. 1995a; Dai et al. 1994; Hern and Hubbell 
1998; Mahoney and Anseth 2006; Massia and Stark 2001; Stabenfeldt et al. 2006; Yu et 
al. 1999).  With many of these polymeric substrates, control over the substrate rigidity is 
possible through modifications of the polymeric network properties.  Consequently, 
researchers have studied the relationship of network structure and substrate rigidity to cell 
adhesion, migration, and spreading (Gray et al. 2003; Jiang et al. 2006; Yeung et al. 
2005).  Among neural phenotypes specifically, neurite outgrowth has been directly 
related to substrate compliance (Balgude et al. 2001; Flanagan et al. 2002; Georges et al. 
2006; Willits and Skornia 2004), in which less rigid substrates support longer neurite 
compared to more rigid material.  In addition to substrate, appropriate ligand presentation 
and density is crucial for cell spreading, migration, and/or neurite outgrowth (Cullen et al. 
2007a; Jiang et al. 2006; Leach et al. 2007; O'Connor et al. 2001; Yeung et al. 2005).   
Three-dimensional neurite outgrowth in vitro has been evaluated in a number of 
hydrogel matrices, in which the polymeric network structure and mechanical properties 
are dependent upon the organization of the polymer chains, polymer chain length, 
concentration, and ionic strength of the solvent. Establishing a polymeric formulation 
with mechanical properties that elicits maximal neurite outgrowth is crucial for 
developing therapeutic materials for in vivo applications. Methylcellulose (MC) is one 
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such polymer that belongs to a class of thermoreversible polymers with a sol-gel phase 
transition at temperatures above a lower critical solution temperature.  As temperature 
rises, polymer chains become physically entangled due to entropic alterations that 
displace water molecules surrounding MC chains, thus permitting hydrophobic 
interactions between the MC side groups (Desbrieres et al. 2000; Hirrien et al. 1998).  
This property is particularly attractive for in vivo applications as MC can be delivered as 
liquid in a minimally invasive manner, then gel in situ (Tate et al. 2001).  In addition, MC 
has been functionalized with the extracellular matrix protein (ECM) laminin-1 (LN), 
demonstrating the ability generate biofunctionalized MC (Stabenfeldt et al. 2006).  
Therefore, MC presents itself as suitable a matrix for both in vivo implantation 
applications and in vitro studies to evaluate neuronal response to alterations in stiffness 
and ligand density.   
Numerous cell receptors interact with the 800kDa heterotrimeric protein LN, 
stimulating cell signaling pathways for adhesion, neuritogenesis, and survival (See 
Reviews (Colognato and Yurchenco 2000; Hohenester and Engel 2002; LuckenbillEdds 
1997; Powell and Kleinman 1997)).    LN induced neuritogenesis has been linked to 
interactions with α1β1, α6β1, and α3β1integrins, dystroglycan, and 110 kDa laminin 
binding receptors.  Due to this established cell-ECM interaction, LN has been 
incorporated within polymeric matrices to study neurite outgrowth (Balgude et al. 2001; 
Dodla and Bellamkonda 2006; Georges et al. 2006; Yu et al. 1999).  Consequently, the 
interactions between substrate rigidity and bioactive support can be investigated by 
immobilizing LN on a mechanically tunable polymeric matrix, such as MC. 
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This study aimed to evaluate neuronal response to variations in both matrix 
compliance and ligand density.  As mentioned previously, these properties have been 
evaluated independently (Balgude et al. 2001; Bellamkonda et al. 1995a; Willits and 
Skornia 2004), and recently, the concurrent evaluation of substrate rigidity and ligand 
density has been performed (Cullen et al. 2007a; Leach et al. 2007).  The viscoelastic 
properties of MC and the tethering density of LN on MC were characterized and 
correlated with neuronal viability and neurite outgrowth.  The results highlight a 
relationship between substrate rigidity and LN density on neuronal survival and 
outgrowth.  
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Methods 
Methylcellulose – Laminin Tethering Scheme 
MC (methylcellulose, Mw~40kDa; Sigma) hydrogels were prepared in 1X 
Dulbecco’s Phosphate-Buffered Saline (D-PBS; Invitrogen) according to a dispersion 
technique previously reported (Kobayashi et al. 1999; Tate et al. 2001).  Tethering of 
laminin-l (LN) to MC was accomplished via photocrosslinker N-sulfosuccinimidyl-6-[4´-
azido-2´-nitrophenylamino] hexanoate (sulfo-SANPAH; Pierce Biotechnology, Inc, 
Rockford, IL). Briefly, LN (200 g/mL; Invitrogen) was incubated with a 0.5 mg/mL 
sulfo-SANPAH solution in absence of light for 2.5 hours.  Residual unreacted sulfo-
SANPAH was removed with micro-centrifuge filters.  LN-SANPAH (200 g/mL) was 
reconstituted and thoroughly mixed on ice with MC (7.2% w/v).  A thin layer of the 
MC+LN-SANPAH mixture was then cast onto a glass slide and exposed to UV light for 
four minutes (100 W, 365 nm; BP-100AP lamp, UVP, Upland, CA) to initiate the 
photocrosslinking reaction.  Upon completion of the tethering reaction, unbound LN was 
removed by rinsing with D-PBS supplemented with 0.1% Tween-20 followed by three 
rinses with D-PBS.  MC tethered to LN is referred to as MC-x-LN and unmodified MC is 
referred to as MC.  MC tethered to bovine serum albumin (MC-x-BSA) was used as a 
cell culture control.  MC-x-BSA was generated according to MC-x-LN procedure, in 
which the molar equivalent amount of BSA was substituted for LN. 
Quantification of Tethered Ligand 
Conjugation of LN to MC was quantified via a dot blot immunoassay.  Briefly, 
1.5 μl of serial dilutions of each sample (MC, MC+LN, and MC-x-LN) and LN standards 
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(45 pg to 1.5 ng) were blotted onto a pre-wetted PVDF membrane (Millipore).  The 
membrane was blocked with a Tris-HCl buffered solution (TBS; Sigma) supplemented 
with 5% bovine serum albumin (BSA; Sigma) and 0.05% Tween 20 (Sigma) for 1.5 
hours.  The membrane was then incubated in polyclonal rabbit anti-laminin antibody (0.6 
g/ml; Sigma) in TBS-Tween with 0.1% BSA for 1 hour, followed by incubation in 
alkaline-phosphatase-conjugated goat anti-rabbit secondary antibody (60 ng/ml; 
Chemicon, Temecula, CA) for 1 hour.  After a 5 minute incubation in ECF substrate 
(Amersham Biosciences, Piscataway, NJ), fluorescence intensities were measured with a 
FLA-3000 Fuji Imager Analyzer (FUJIFILM Medical Systems USA, Stamford, CT).  
Fluorescent intensities were quantified by image analysis with Multi-Gauge software 
(FujiFilm). 
Dynamic Rheological Characterization 
Rheological analyses were performed on a Bohlin CVO rheometer (Bohlin, East 
Brunswick, NJ) with a parallel plate configuration.  To examine the mechanical integrity 
of the MC hydrogels at physiological temperatures, a frequency sweep from 0.05-10 Hz 
was performed on each sample group (n=6-8 per group) under constant low amplitude 
stress upon equilibration to 37C.  We evaluated MC samples of varying polymer chain 
length (38 kDa and 40 kDa), MC concentration in 1X DPBS (6.75%, 7.8%, and 9.0%), 
MC at various stages of the tethering scheme (UV irradiated MC and MC-x-BSA), and 
varied protein tethering densities (20 µg/ml, 200 µg/ml, and 400 µg/ml).  The complex 
modulus over a 0.05 to 5 Hz frequency sweep were compared to determine differences in 
rigidity across groups.  
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Cortical Neuron Isolation and Dissociation 
Cortices from embryonic day 18 (E18) Sasco Sprague-Dawley rats were dissected 
and dissociated according to Georgia Institute of Technology IACUC-approved 
protocols.  This well-established protocol was modified from Brewer (Brewer 1997) and 
optimized for cortical neuron cultures.  Briefly, cortices were extracted from E18 fetuses, 
rinsed twice with Hank’s Balanced Salt Solution (HBSS; Invitrogen), and placed in a 
hibernate solution consisting of L-15 supplemented with 2% B-27 (Invitrogen).  Cortices 
were then stored at 4C until dissociation and plating (maximum of 7 days post-
dissection).  Dissociation of the cortical tissue began with rinsing the tissue with cold 
HBSS thrice, followed by incubation in trypsin (0.25%) + EDTA (1 mM; Invitrogen) at 
37C for 10 minutes.  Following removal of trypsin, cortices were rinsed twice with 
HBSS then placed in HBSS supplemented with DNase (0.15 mg/ml; Sigma) and vortexed 
for 30 seconds.  Remaining tissue fragments were removed and the resulting cell 
suspension was centrifuged at 180g for 3 minutes.  The cell pellet was resuspended in 
Neurobasal medium supplemented with 2% B-27 and 0.5 mM L-glutamine (neuronal 
medium; Invitrogen) and placed on ice until the cells were plated.  Cells were plated 
within 30 minutes of dissociation with no reduction in viability, as measured with a 
standard trypan blue exclusion viability assay. 
Scanning Electron Microscopy 
The pore structure and size was evaluated with scanning electron microscopy 
(SEM).  We measured pore size variations between MC (40 kDa at 6.75% in 1X DPBS) 
and MC-x-LN (200 µg/ml). MC samples was cast into glass and allowed to gel at 37ºC 
for 15 minutes at which point the samples were snap frozen in liquid nitrogen.  Samples 
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were lyophilized for 48 hours and then mounted onto aluminum stubs.  Lyophilized 
samples were examined directly with a low accelerating voltage SEM to minimize 
destruction of the samples (Hitachi 3500H SEM).  Pore size was measured with Image 
Pro software (n=15 pores of 2 samples). 
3-D Neuronal Cultures within MC 
Dissociated primary cortical neurons were mixed on ice with MC to achieve 
desired MC formulation and a plating density of 3.5 x 10
6
 cells/mL.  After thoroughly 
mixing the cell-MC solution, the solution was transferred into chambers to attain a 300 
m thick hydrogel.  The plated cell-MC solution was allowed to gel at 37ºC for 45 
minutes in a tissue culture incubator (37ºC, 5% CO2, and 95% relative humidity). Upon 
gelation, neuronal medium was added atop of the hydrogel.  Experimental groups 
consisted of MC-x-BSA (MC) and MC tethered to LN (MC-x-LN).  Control cultures 
were also plated on LN coated polystyrene (5 g/cm2) and poly-L-lysine coated 
polystyrene.  All cultures were maintained in a tissue culture incubator with neuronal 
medium exchanges every other day until the experimental endpoint. 
Viability and Neurite Outgrowth 
At designated endpoints, viability was assessed with calcein AM and ethidium 
homodimer (EthD-1; Sigma).  Briefly, constructs were rinsed with PBS and then 
incubated with PBS containing 2 M calcein AM and 4 M EthD-1 for 30 minutes.  
Upon removal of the calcein AM/EthD-1 solution and subsequent rinsing, cellular 
viability was examined with a confocal laser scanning microscope (LSM 510; Zeiss, 
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Thornwood, NY).  Three random 100 m thick z-stacks for each construct were captured 
and analyzed with LSM Image Browser (Zeiss) to record viability and neurite outgrowth. 
Statistical Analysis 
Data are presented as one standard deviation from the mean.  Results were 
analyzed by the appropriate one- or multi-way ANOVA, followed by pair-wise 
comparisons with Tukey’s post-hoc test.  A 95% confidence level and corresponding p 
value <0.05 was considered significant. 
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Results 
Bioactive MC:  LN Tethered to MC 
LN was tethered to MC via the heterobifunctional crosslinker sulfo-SANPAH 
(Figure 3.1).  The reactions of this tethering scheme occur at physiological pH without 
harsh organic solvents, one of the advantages of sulfo-SANPAH.  The NHS esters react 
efficiently with primary amino groups (-NH2) in the protein at pH 7-9 buffers to form 
stable amide bonds.  This compound was then mixed with MC and exposed to UV light 
initiating the nitrophenyl azide end group to form a nitrene group which inserts into C-H 
bonds in MC.  The efficiency of the reaction was evaluated by measuring the amount of 
LN immobilized onto MC with immunoblotting techniques.  Upon completion of the 
reactions, unbound LN was rinsed from MC-x-LN and MC+LN.  Reaction with 200 
µg/ml LN yielded 8.2 ± 1.3 µg LN per ml of MC; whereas less than l µg/ml of LN was 
detected in MC+LN.  Non-specific binding was not detected in the MC control.  This 
efficiency was markedly increased compared to previous crosslinkers (Stabenfeldt et al. 
2006).  Moreover, previous studies with sulfo-SANPAH have demonstrated variation in 
tethering density based on the amount of LN present in during the tethering reaction 
(Dodla and Bellamkonda 2006).  Therefore, the LN concentration during the tethering 
reaction was varied to generate a range of LN densities. 
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Rheological Properties of MC Hydrogels 
Variation of polymer chain length and concentration 
Rheological analysis was utilized to evaluate the viscoelasticity of MC hydrogels 
of varied molecular weight (Mw) and concentration (%w/v) in D-PBS.  MC samples (n = 
6-8 per group; 0.5mm thick and 12mm in diameter) were placed onto a rheometer 
equipped with a parallel plate configuration.  Upon equilibration to 37°C, the samples 
were subjected to a frequency sweep (0.01 to 10 Hz) under low amplitude oscillatory 
shear strain (0.5%).  In all MC formulations, the elastic moduli (G’) dominated the 
viscous moduli (G’’) an indication that MC has transitioned from a viscous liquid to a 
gelled state (Figure 3.2A).  Comparison of the complex modulus (G*) demonstrated 
significant differences in rigidity between the MC groups (Figure 3.2B).  Increasing the 
concentration of MC (38 kDa) from 7.8% to 9.0% resulted in a more rigid gel by nearly 
threefold.  However, a more prominent increase in G* was observed by increasing Mw 
chain from 38 kDa to 40 kDa, albeit the concentration of the 40 kDa MC solution was 
lower (6.75%) than the 38 kDa (7.8%).  Elevating the Mw increases the number of 
monomeric groups with hydrophobic regions.  Thus, the results demonstrate that this 
increase of hydrophobic groups enhanced the propensity of hydrophobic interactions to a 
greater extent than a 1% increase in concentration MC. 
Biofunctionalization influenced hydrogel viscoelasticity 
The LN tethering scheme includes a UV photoinitiated crosslinker.  Researchers 
previously reported breakdown of the MC polymer under UV irradiation (Wach et al. 
2004). Therefore, we measured the viscoelasticity throughout the tethering scheme to 
ensure the properties of the end product (MC-x-LN and MC-x-BSA) were not 
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substantially affected by the tethering scheme.  Moreover, we measured the rheological 
properties of the MC-x-BSA groups with varying BSA tethering densities.  This 
comparison was performed to delineate rigidity and protein tethering densities.  The 
viscoelasticity of MC was measured according to the protocol outlined above.  Two 
experimental groups were evaluated.  The first group was native MC, UV irradiated MC, 
MC-x-BSA, and MC-x-LN; all MC groups were of the same Mw (40kDa and 6.75% in 
1X DPBS).  The second group consisted of MC (40kDa and 6.75% in 1X DPBS) with 
varying BSA densities (20 µg/ml, 200 µg/ml, 400 µg/ml).  
We determined that UV irradiation to MC alone significantly decreased the 
complex modulus from 400 Pa to 150 Pa (Figure 3.3A).  This phenomenon is consistent 
with previous reports and is due to breakdown of the MC polymer chain (Wach et al. 
2004).  However, completing the tethering scheme with either LN or BSA, the complex 
modulus increased to the original range of native MC (Figure 3.3A).  A potential 
explanation for this phenomenon may be that the incorporation of a protein with 
hydrophobic regions may contribute to the degree of MC gelation.  More importantly, 
within the range of BSA densities we evaluated, the complex modulus resulting tether 
MC products was not significantly dependent upon the protein density (Figure 3.3B).  We 
observed an upward trend directly related to BSA density, potentially indicating that BSA 
densities greater than 400 µg/ml may increase the rigidity of MC.   
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Figure 3.2 – Complex modulus is dependent on chain length and concentration.  (A) 
Plot of loss (G’’) and storage moduli (G’) demonstrated a gelled state as G’ is greater 
than G”.  (B) The complex modulus depended on molecular weight and MC 
concentration (w/v) in 1X D-PBS.  Data presented as mean ± standard deviation.  
Statistical analysis of the complex modulus at 0.8 Hz revealed a significant difference 
between all groups. 
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Figure 3.3 – Complex is altered due to UV irradiation.  (A) UV irradiation of MC 
significantly reduced the complex modulus by 5-fold.  This reduction was not observed 
with MC-x-BSA and MC-x-LN.  The moduli of MC tethered with proteins were near 
native MC.  (B)  Variation in the protein concentration did not significantly alter the 
complex modulus. Data presented as mean ± standard deviation. 
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SEM: Analysis of MC structure and pore size 
Previously, our lab has reported the pore size of 38 kDa MC at 8% to be relatively 
homogenous at 30-50 µm (Tate et al. 2001).  SEM analysis of a hydrogel represents the 
polymeric network structure in a dehydrated state resulting in potential preparation 
artifacts (e.g., contraction or collapsing of network).  In an effort to minimize artifacts, 
MC hydrogels were snap frozen, lyophilized, and then examined on the SEM.  The pore 
size of 40 kDa MC at 6.75% was consistently 20-40 µm; the structure was highly 
tortuous across samples (Figure 3.4A).  MC-x-LN (Figure 3.4B) had similar pore size as 
MC (20-40 µm); however, the macro structure did not appear as tortuous as MC.  This 
observation could be attributed to artifacts inherent to the dehydration of a hydrogel for 
SEM analysis.  We attempted to use an environmental SEM to evaluate the hydrogels in a 
hydrated state, but the SEM did not have a high enough resolution to distinguish between 
the water and polymer molecules. Ultimately, this characterization lead to the conclusion 
that MC provides a porous and tortuous matrix that permits cellular migration and neurite 
outgrowth.   
  
56 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 – Pore sturture and size of MC.  Scanning electron micrograph of 40 kDa MC 
at 6.75%  (A) and MC-x-LN (B) demonstrated the microstructure of the MC hydrogels.   
The pore size ranged between 20-40 µm; representative pores are highlighted in red.  The 
arrow point outs pores within pores, indicative of a tortuos scaffold (A. magnification = 
705X, scale bar = 10 µm, voltage = 2.00 kV; B. magnification = 423X, scale bar = 10 
µm, voltage 2.00 kV).  
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3-D Neuronal Cultures in MC-x-LN 
Neurite Outgrowth Dependent on MC Chain Length and Concentration 
To examine the effects of the MC rigidity on neuronal culture viability and 
neurite outgrowth, both the polymer chain length and the MC concentration in solution 
were varied (38kDa / 7.8%, 38kDa / 9.0%, and 40kDa / 6.75%).  To control for potential 
artifacts from the LN tethering scheme, we used MC tethered to BSA (MC-x-BSA) as a 
control.  At 4 days post-plating in vitro, the viability of the neurons plated in all three 
MC-x-BSA groups ranged between 30-35% (Figure 3.5).  Functionalizing MC with LN 
significantly enhanced the viability only in the 40kDa / 6.75% gels, while tethering of LN 
did not significantly increase viability in either of the 38kDa groups compared to the 
respective MC-x-BSA formulations.  Most notably, neurite outgrowth occured 
predominantly within the 40kDa / 6.75% gels (Figure 3.6).  The percentage of viable 
neurons extending neurites increased in the presence of tethered LN.  Based on these 
positive observations, we used the 40kDa / 6.75%  MC-x-LN for the remainder of the 
studies.  These results underscored the significance substrate rigidity has on neuronal 
response.  
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Figure 3.5 – Neuronal viability dependent on MC composition.  Viability of cortical 
neuronal cultures was measured 4 days post-plating.  Compairing the MC-x-BSA groups, 
no statistical differences were observed.  When LN was tethered to MC, viability was 
siginficantly increased only within the 40kDa / 6.75% gels.  (n = 4-7, error bars represent 
± one standard deviation, $ p ≤ 0.05 relative to 40kDa / 6.75% MC-x-LN) 
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Figure 3.6 – Neurites were preferentially supported in stiffer MC-x-LN hydrogel.  
Quantification of the percentage of viable neurons extending neurite processes revealed 
that outgrowth was greater in 40kDa / 6.75% gels.  Furthermore, significantly higher 
percentage of neurons had neurites in MC-x-LN versus uncoupled MC. (n = 4-7, error 
bars represent ± one standard deviation, $ represents p ≤ 0.05). 
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Viability and neurite outgrowth dependent on tethered LN concentration 
To evaluate the effect of varied LN densities on neuronal viability and neurite 
outgrowth, the MC formulation was maintained constant (40kDa / 6.75%) while a range 
of tethered LN concentrations was examined (n=4-8 per group).  The amount of LN 
present in the tethering reaction was 20, 200, or 400 μg/ml.  MC-x-BSA served as the 
negative control group to examine the specificity of the LN.  As in the study above, we 
cultured primary cortical neurons in the 3-D MC hydrogels for 4 days in vitro, at which 
point we measured viability and neurite extension.  The viability in MC-x-LN with 
tethering reaction concentrations of 200 and 400 μg/ml significantly increased compared 
to MC-x-BSA and 20 μg/ml (Figure 3.7).  Moreover, the percentage of live cells with one 
or more neurite extensions significantly increased in all MC-x-LN groups compared to 
MC-x-BSA (Figure 3.8).  Neurons cultured within the 400 μg/ml LN MC hydrogels 
supported a significantly higher percentage of neurite extension than the 20 and 200 
μg/ml LN MC hydrogels (Figure 3.8).  Therefore, for this study, we observed a critical 
threshold of LN ligand (≥ 200 µg/ml) to increase viability, whereas the lowest 
concentration of LN (≥ 20 µg/ml) enhanced neurite outgrowth compared to MC-x-BSA.  
These results demonstrated the importance of providing bioactive motifs to maintain 
viable cells in a synthetic matrix and encourage neurite outgrowth.  
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Figure 3.7 – Tethered LN enhanced viability.  At 4 days in vitro, a critical concentration 
of LN was necessary to enhance neuronal viability in MC.  Viability significantly 
increased in 200 and 400 µg/ml compared to MC-x-BSA and 20 µg/ml.  (n = 4-7, error 
bars represent ± one standard deviation, $ represents p ≤ 0.05). 
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Figure 3.8 – Neurite outgrowth was directly influenced by LN concentration.  (A) The 
percentage of viable neurons possessing one or more neurite extensions significantly 
increased in the presence of tethered LN.  A substantial increase of neurite extensions 
was observed in the 400 µg/ml groups.  (n = 4-7, error bars represent ± one standard 
deviation, $ represents p ≤ 0.05, # represents p ≤ 0.05 relative to all groups).  (B) 
Confocal micrograph projections of 100 µm z-stacks clearly demonstrate the stark 
differences in viability and neurite extension among the experimental groups.  
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Discussion 
The significance of substrate rigidity/structure, ligand density, and cell 
type/source on neural cell adhesion, spreading, and neurite outgrowth has been well-
documented (Balgude et al. 2001; Bellamkonda et al. 1995a; Cullen et al. 2007a; 
Flanagan et al. 2002; Georges et al. 2006; Leach et al. 2007; Willits and Skornia 2004).  
The results of this study further verified the dependency of neuronal viability and neurite 
outgrowth on complex interaction between substrate rigidity and ligand density.  Since 
cell motility and neurite outgrowth requires specific traction forces, culture substrates 
need to have mechanical properties near to that of in vivo tissue to accurately model cell 
behavior in vitro.  The complex modulus of the developed MC-x-LN (~350 Pa) is 
comparable to in vivo brain tissue (G’ = 150 – 500 Pa), depending on the region, age, and 
species (Coats and Margulies 2006; Gefen and Margulies 2004; Prange and Margulies 
2002; Thibault and Margulies 1998).  Therefore, we have developed a relevant hydrogel 
system to assess the influential properties of neuronal viability and neurite outgrowth.  
Moreover, the complex modulus of the MC hydrogels correspond to other synthetic 
polymer matrices used for neurite outgrowth studies (e.g., agarose and polyacrylamide) 
(Balgude et al. 2001; Cullen et al. 2007a; Dodla and Bellamkonda 2006; Flanagan et al. 
2002; Georges et al. 2006; O'Connor et al. 2001).  In comparing the rigidity to naturally-
derived polymeric matrices (e.g., collagen and Matrigel), we noted that the complex 
modulus of the naturally-derived polymeric matrices were an order of magnitude lower (2 
- 30 Pa) than the synthetic matrices (Cullen et al. 2007a; Willits and Skornia 2004).  
Therefore, we postulate that the bioactive moieties found in abundance within the natural 
matrices regulate the propensity for neurite outgrowth.   
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Neurite outgrowth has been shown to be inversely proportional to substrate 
rigidity (Balgude et al. 2001; Georges et al. 2006; Leach et al. 2007; Willits and Skornia 
2004).  The neuronal cell types analyzed in these studies were of various origins 
including PC-12 carcinoma lines, dorsal root ganglia, and mammalian primary spinal 
cord and cortical tissue.  In comparing the cell culture types, studies with either PC-12 
cells or DRGs had an increase in neurite outgrowth inversely proportional to substrate 
stiffness (Balgude et al. 2001; Willits and Skornia 2004).  However, the study presented 
in this paper and Cullen et al. assessed primary cortical neuron cultures and cited a 
threshold stiffness support neurite outgrowth (Cullen et al. 2007a).  Softer MC-x-LN 
formulations did not support neurite outgrowth, yet the stiffer 40 kDa / 6.75% supported 
outgrowth.  Moreover, tethered ligands integrated into the matrix further influenced 
neurite outgrowth.  Recently, a similar mechanical threshold was observed in 2-D study 
with PC-12 cells on a substrate of constant FN density and altered stiffness (Leach et al. 
2007).    Collectively, these observations demonstrate heterogeneous responses among 
neuronal cell types to substrate stiffness and ligand presentation.   
Researchers have also examined the response of astrocytes to substrate rigidity. 
Astrocyte adhesion and spreading on a 2-D surface is directly proportional to substrate 
rigidity with limited astrocyte spreading on substrates with G’ of 200 Pa (Georges et al. 
2006).  Similarly, astrocytes dispersed in 3-D a compliant poly(N-(2-hydroxypropyl)-
methacrylamide) (HMPA) maintained a rounded morphology (Woerly et al. 1996).  
Astrocytes and neurons co-habitat amidst tissue of similar rigidity in vivo; however, the 
response of theses cell types to substrate rigidity differs substantially in vitro.  These 
observations further support the hypothesis that complex interactions between the 
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mechanical properties, bioadhesive ligands, and the presence of other phenotypes 
determine the potential for a matrix to support healthy neuronal cultures. 
Ligand-dependent neurite outgrowth has been observed with the ECM proteins 
collagen IV, LN, and fibronectin (Bellamkonda et al. 1995a; Cullen et al. 2007a; Leach et 
al. 2007).  A multitude of studies have shown that neurite outgrowth correlates not only 
to isotropic ligand concentrations, but also anisotropic gradients for directed neurite 
outgrowth (Bellamkonda et al. 1995a; Cullen et al. 2007a; Dodla and Bellamkonda 2006; 
Kapur and Shoichet 2004; O'Connor et al. 2001; Pittier et al. 2005; Sakiyama-Elbert and 
Hubbell 2000; Yu et al. 1999).  These examples demonstrate that substrate compliance 
alone does not dictate cell response; the complex relationship among matrix stiffness, 
adhesive ligands, cell-cell interactions, and soluble factors ultimately determines cell fate. 
Conclusion 
This study evaluated the effects of MC hydrogel formulation (polymer chain 
length and concentration) and protein tethering density on primary cortical neuron 
viability and neurite outgrowth.  The formulation of MC contributes to the micro-matrix 
structure (e.g. pore size and tortuosity) as well as rigidity, both of which have been 
identified as key factors for cellular viability and motility in scaffolds (Bellamkonda et al. 
1995b).  The results indicated that neuronal viability in MC-x-BSA groups was similar 
regardless of concentration or molecular weight.  However, neurite outgrowth was only 
observed within the 40kDa MC group, the largest complex modulus.  Moreover, 
significant neurite outgrowth was not observed until LN was tethered to the 40 kDa MC.  
A LN-density dependency was identified with respect to neurite outgrowth, while a 
significant increase in viability compared to MC-x-BSA required 200 µg/ml.  
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Collectively, these results demonstrated that neuronal response, as measured through 
viability and neurite outgrowth, are related to the interplay of substrate mechanical 
properties and ligand density. 
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CHAPTER 4: BIOADHESIVE MICROENVIRONMENT 
INFLUENCES NEURAL STEM CELL SUVIVAL, MIGRATION, 
AND DIFFERENTIATION 
Abstract 
The extracellular matrix (ECM) provides critical signals during neural 
development to direct cellular migration and differentiation.  2-D culture systems have 
been used to characterize neural stem cell (NSC) behavior on various adhesive ECM 
proteins.  We postulate that ECM proteins presented in a controlled 3-D configuration 
better mimic in vivo cell-ECM interactions and allow for more robust examination of 
signals that contribute to NSC behavior.  Accordingly, we developed a methylcellose 
(MC) scaffold system to which we tethered a controlled density of laminin-1 (LN) and 
monitored the activity of neurospheres cultured within this 3-D microenvironment.  
Specifically, we examined NSC survival, apoptosis, migration, differentiation, and matrix 
production over a period of 1 week.  MC tethered to LN (MC-x-LN) enhanced NSC 
survival compared to controls of MC coupled to bovine serum albumin or MC plus 
uncoupled LN.  Analysis of apoptosis death mechanisms identified significantly lower 
levels of apoptotic NSC activity in MC-x-LN compared to MC controls, as measured by 
bcl-2 and bax expression and TUNEL.  Over 7 days, the presence of tethered LN did not 
significantly alter the total migrational area out of the initial neurospheres.  However, 
MC-x-LN supported a significantly higher percentage of neurospheres extending neurite-
like processes compared to MC controls.  Using functional blocking antibodies, this 
migratory behavior was shown to be mediated by β1 integrins.  Most interesting, the 
differentiation profiles within the neurospheres depended on tethered LN, where MC-x-
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LN fostered higher levels of neuronal and oligodendrocyte precursor cells compared to 
the control MC groups.   Additionally, the production of LN and corresponding α6β1 
integrins were markedly increased within MC-x-LN, whereas the production of 
fibronectin and α6β1 integrins were more pronounce in MC-x-BSA and MC+LN.  These 
findings demonstrated that the microenvironment surrounding NSC modulates cellular 
activity that propagates to the neurosphere’s center and contributes to our understanding 
of the NSC response to LN, critical factors that can be exploited to develop pro-survival 
transplant couriers for novel neurotransplantion methodologies.    
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Introduction 
Neural stem cells (NSCs) transplanted in neural injury or neurodegenerative 
diseases models result in only modest functional recovery and tissue sparing (Kelly et al. 
2004; Longhi et al. 2005; Riess et al. 2002a; Shear et al. 2004; Studer et al. 1998; 
Subramanian 2001; Tate et al. 2002).  Limitations of neural transplants are, in part, due to 
poor donor cell survival that occurs at acute time-points post-transplantion (Bakshi et al. 
2005; Emgard et al. 2003).  It is postulated that co-delivering NSCs with pro-survival 
cues will prevent apoptosis, thereby markedly improving transplant survival.  The design 
of tissue engineered scaffolds that take advantage of inherent pro-survival cell signals 
may be a promising approach to overcome current transplant limitations 
(Review(Boontheekul and Mooney 2003)).        
NSCs derived from the developing germinal eminence can be maintained in 
proliferative neurosphere cultures (Reynolds et al. 1992),  resulting in a highly complex 
3-D microenvironment that mimics characteristics of the stem cell niche in vivo (Campos 
et al. 2004).  During neural development, the ventricular and subventricular zones, 
remnants of the germinal neuroepithelium, are rich in neural precursor cells and NSCs.  
Within this region, laminin (LN) chains co-localize with α6 and β1 integrins on NSCs 
(Campos et al. 2004).  The co-localization of laminin and NSC remains prominent in the 
ventricular NSC niche throughout adult life (Kerever et al. 2007; Mercier et al. 2002).  
Coincidentally, NSC neurospheres cultured in vitro produce laminin and β1 integrins co-
locally (Campos et al. 2004).  This expression of β1 integrins is critical for NSC 
proliferation and survival (Leone et al. 2005).  Moreover, in vitro migration on 
fibronectin (FN) and LN is dependent of β1 integrins, as functional antibody blocking of 
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β1 integrins hinder migration from neurospheres plated on FN and LN (Leone et al. 2005; 
Tate et al. 2004).  Collectively, these studies indicate that ECM-integrin interactions are 
fundamentally required for maintaining NSC survival and strongly regulate the migratory 
potential of NSCs.  Furthermore, due to production and deposition of ECM proteins and 
cell-cell interactions within the neurosphere, it is hypothesized that this resulting complex 
3-D microenvironment leads to directed differentiation and asymmetrical proliferation 
(Campos 2004).  Therefore, we postulate that NSC-derived neurospheres enveloped 
within an exogenous LN microenvironment will exhibit a markedly altered spatial 
distribution of differentiated cells; foremost, the peripheral edge of the sphere will 
possess a higher population of committed cells.     
Recently, innovative bioengineered scaffolds have been used to investigate the 
response of NSC activity to controlled concentrations of soluble and/or immobilized 
ligands (Ilkhanizadeh et al. 2007; Mahoney and Anseth 2007; Nakajima et al. 2007; Saha 
et al. 2007; Soria et al. 2006).  While these studies include both 2-D and 3-D substrates, 
cell receptor-ECM engagement depends on the dimensionality of the presented protein 
(Cukierman et al. 2001; Cukierman et al. 2002).  Therefore, controlled presentation of 
ligands in 3-D provides a more in vivo-like cell-ECM interaction.  3-D bioengineered 
systems typically consist of a non-fouling polymeric scaffold decorated with 
biofunctional ligands, enabling specific interactions between the cells and the ligand(s) of 
interest.  In this study, we utilized methylcellulose (MC) as the polymeric foundation to 
evaluate the effect of the 3-D presentation of LN on NSC activity.  MC is a unique 
temperature sensitive polymer used in multiple neural tissue engineering applications 
(Gupta et al. 2006; Hirrien et al. 1998; Stabenfeldt et al. 2006; Tate et al. 2001; Tsai et al. 
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2006; Wells et al. 1997).  Therefore, this system allowed us to not only investigate the 
impact of LN presented in 3-D on NSC neurosphere activity, but also the utility of MC 
tethered to LN as a potential delivery vehicle for neural transplantation. 
The objective of this study was to examine the influence of LN presented in a 
controlled 3-D manner on NSC survival, migration, and differentiation.  The results from 
this study indicated that surrounding NSC neurosphere microenvironment with 
exogenous LN significantly augments NSC activity, particularly cell survival, 
differentiation, and matrix production.  Moreover, we show that dimensionality of ligand 
presentation modifies the cell-ECM interactions resulting in altered intracellular 
processes and NSC fate, a phenomenon that has been observed in other cell types (see 
Reviews (Cukierman et al. 2002; Friedl and Brocker 2000)). 
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Methods 
Neural Stem Cell Harvest and Culture 
Colony breeding and harvest procedures were approved by the Institutional 
Animal Care and Use Committee of the Georgia Institute of Technology.  NSC 
neurospheres were obtained from primary fetal transgenic B6-TgN(β-act-EGFP)osbY01 
mice (C57/BL6 background) (mice were generously donated by M. Okabe).  The use of 
NSCs constitutively expressing GFP enabled time-course 3-D imaging on a confocal 
microscope to evaluate migration and neurite outgrowth.  This protocol was based on 
previously published methods (Reynolds et al. 1992; Tate et al. 2004).  Briefly, pregnant 
mice (gestational day 14.5) were anesthetized with isoflurane and sacrificed. The fetuses 
were then isolated by Caesarian section and decapitated; the scalp and skull were 
removed.  Next, the germinal zone was isolated and mechanically dissociated in HBSS.  
Cells formed spheres and were maintained in suspension culture in NSC medium 
comprised of serum-free DMEM/F12 (Invitrogen, Carlsbad, CA) containing insulin (25 
g/mL; Sigma Aldrich, St. Louis, MO), transferrin (100 g/mL; Sigma), putrescine (60 
M), sodium selenite (30 nM), progesterone (20 nM), and glucose (6 g/mL; Sigma) at 
37ºC, 5% CO2, and 95% relative humidity.  Human recombinant basic fibroblast growth 
factor (FGF, 20 ng/mL; Peprotech, Rockhill, NJ) supplements were added every other 
day to maintain proliferating neurospheres.  The resulting neurospheres were passaged 
every 7-10 days and were used at passages 3-5.  
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Tethering of Laminin-1 to Methylcellulose 
MC (methylcellulose, Mw~40kDa; Sigma) hydrogels were prepared in 1X 
Dulbecco’s Phosphate-Buffered Saline (D-PBS; Invitrogen) according to a dispersion 
technique previously reported (Kobayashi et al. 1999; Tate et al. 2001).  Tethering of 
laminin-l (LN) to MC was accomplished using the photocrosslinker N-sulfosuccinimidyl-
6-[4´-azido-2´-nitrophenylamino] hexanoate (sulfo-SANPAH; Pierce Biotechnology, Inc, 
Rockford, IL). Briefly, LN (200 g/mL; Invitrogen) was incubated with a 0.5 mg/mL 
sulfo-SANPAH solution in absence of light for 2.5 hours.  Residual unreacted sulfo-
SANPAH was removed with microcentrifuge filters.  LN-SANPAH (200 g/mL) was 
reconstituted and thoroughly mixed on ice with MC (7.2% w/v).  A thin layer of the 
MC+LN-SANPAH mixture was then cast onto a glass slide and exposed to UV light for 
four minutes (100 W, 365 nm; BP-100AP lamp, UVP, Upland, CA) to initiate the 
photocrosslinking reaction.  Upon completion of the tethering scheme, unbound LN was 
removed by rinsing with D-PBS supplemented with 0.1% Tween-20 followed by three 
rinses with D-PBS, resulting in 8.2 ± 1.4 µg LN per ml of MC.  MC tethered to LN is 
referred to as MC-x-LN and control MC tethered to BSA is referred to as MC-x-BSA.  A 
control of MC+LN was included to account for residual non-tethered LN trapped within 
MC.  MC+LN was generated in the same manner as MC-x-LN except the LN was not 
reacted with sulfo-SANPAH.  After rinsing, less than 1 µg LN per ml of MC remained in 
the hydrogel. 
3-D NSC Cultures within MC 
NSC neurospheres of passage 3-5 were suspended in NSC medium and mixed on 
ice with the MC formulations at a 1:5 ratio.  After thoroughly mixing the cell-MC 
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solution, the solution was transferred into Sylgard (Dow Corning, Midland, MI) 
chambers to obtain a 300 m thick hydrogel.  The Sylgard chambers consist of a circular 
Sylgard ring fixated to a coverslip, enabling real-time confocal imaging.  The plated cell-
MC solution was allowed to gel at 37ºC for 45 minutes in a tissue culture incubator 
(37ºC, 5% CO2, and 95% relative humidity). Following gelation, NSC medium was 
added on top of the hydrogel.  Experimental groups consisted of MC tethered to BSA 
(MC-x-BSA), MC supplemented with soluble LN (MC+LN), and MC tethered to LN 
(MC-x-LN).  The control groups included NSCs plated on LN coated polystyrene (5 
g/cm2), and NSCs cultured in suspension with and without FGF.  All cultures were 
maintained in a tissue culture incubator with media exchanges every other day until the 
experimental endpoint. 
Cell Viability 
Release of LDH into the cell medium is an indicator of compromised cellular 
membranes, thus an indirect measure of cell death (Decker and Lohmann-Matthes 1988; 
LaPlaca et al. 1997; Legrand et al. 1992).  At 2, 4, and 7 days, NSC medium was 
collected and the LDH content was determined with an LDH Assay (Sigma).  Briefly, 50 
l of media was transferred into a 96-well plate and mixed with 100 l of LDH reagent 
solution (1:1:1 LDH substrate: LDH reagent: LDH enzyme).  After a 30 minute 
incubation, the reaction was stopped with 15 l of 1.0 N HCL.  At this point, the 
absorbance was measured at 490nm on a spectrophotometer.  The LDH content was 
normalized with a standard curve using active LDH (Sigma). 
At 2, 4, and 7 days, viability was also assessed by ethidium homodimer (EthD-1) 
staining and GFP intensity; the transgenic GFP was driven by a -actin promoter, 
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therefore production of GFP diminished with cell death (unpublished observations).  
EthD-1 (Invitrogen) was used to evaluate cell death as this normally impermeable 
molecule enters cells with compromised membranes and binds to nucleic acids 
(Invitrogen).  At the specified endpoints, cell-gel constructs were rinsed three times with 
1X DPBS, and then incubated a 4.0 M EthD-1 solution in 1X DPBS at 37 ºC.  After 30 
minutes, the stain was removed and the constructs were rinsed with 1X DPBS.  A laser 
scanning confocal microscope (LSM 510; Ziess, Thornwood, NY) was used to image the 
constructs.  For each sample (n=3-4 per group), three 200 m thick z-stack images were 
acquired, allowing for qualitative viability analysis to corroborate the quantitative 
analysis of the LDH assay.  
Apoptosis 
Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR) 
Apoptotic signaling cascades have established the involvement of B-cell 
lymphoma-2 (bcl-2) and bcl-2-associated protein X (bax), in which bcl-2 acts as anti-
apoptotic molecule and bax is pro-apoptotic (Chao and Korsmeyer 1998).  The ratio of 
bcl-2 to bax is indicative of the apoptotic state of a cell; a high ratio signifies a healthy 
state whereas a low ratio suggests the levels of bax is increasing leading to an apoptotic 
state(Chao and Korsmeyer 1998).  At 7 days post-plating quantitative reverse 
transcriptase polymerase chain reaction (qRT-PCR) was performed on RNA extracts to 
determine the levels of bcl-2 and bax using previous methods developed (Byers et al. 
2002; Gersbach et al. 2004).  Briefly, RNA was isolated and cDNA synthesis was 
performed on DNaseI-treated total RNA by oligo(dT) priming using the Superscript 
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First Strand Synthesis System (Invitrogen).  Real-time PCR with SYBR Green 
intercalating dye was performed with the ABI Prism 7700 Sequence Detection System 
(Applied Biosystems, Foster City, CA; 40 cycles; melting, 15 s at 95°C; annealing and 
extension, 60 s at 60°C). Sequences for bax and bcl-2 oligonucleotide primers have been 
previously published (Boley et al. 2002):  bax: forward – 5’ 
ATGCGTCCACCAAGAAGCTGA 3’, reverse – 5’ AGCAATCATCCTCTGCAGCTCC 
3’; bcl-2: forward – 5’ TTCGCAGCGATGTCCAGTCAGCT 3’, reverse – 5’ 
TGAAGAGTTCTTCCACCACCGT 3’.  Primer specificity was confirmed with ABI 
Prism 7700 Dissociation Curve Software.  Standards for each gene were from cDNA 
using real-time oligonucleotides, purified using a Qiagen PCR Purification kit (Qiagen, 
Valencia, CA), and diluted over a functional range of concentrations.  Transcript 
concentrations in template cDNA solutions were quantified from a linear standard curve 
and normalized to 1g of total RNA.  Detection limits for each gene were determined by 
reactions without cDNA at least an order of magnitude below the most dilute sample. 
Terminal deoxynucleotidyl Transferase tetramethylrhodamine-dUTP Nick End Labeling 
Cellular apoptosis was evaluated by Terminal deoxynucleotidyl Transferase 
tetramethylrhodamine-dUTP Nick End Labeling (TUNEL; Roche Applied Science, 
Indianapolis, IN).  At 7 days post-plating, NSCs cultured in MC samples were rinsed 
with PBS and fixed with 3.7% formaldehyde (Sigma) for 30min.  Samples were rinsed 
three times in PBS, embedded in OCT Compound, then snap frozen in liquid nitrogen.  
Frozen cultures were cryosectioned at 15 μm thickness (Microm Cryo-Star HM 560MV 
Cryostat; Walldorf, Germany). Prior to TUNEL, sections were permeablized with freshly 
prepared 0.1% Triton X-100 in a 0.1% sodium citrate solution for 30 minutes at room 
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temperature.  TUNEL labeling followed the protocol provided by manufacturer (In Situ 
Cell Death Kit, TMR).  Subsequent image acquisition and analysis was performed with a 
LSM confocal microscope (LSM Image Browser).  For each group, n = 4-6 samples (5-8 
neurospheres per sample) were evaluated to quantify the percentage of TUNEL
+
 cells. 
Migration and Outgrowth 
NSCs were harvested from transgenic mice that constitutively express GFP 
enabling the ability to observe migration and outgrowth from a neurosphere over time.  
At 2, 4, and 7 days cultures, confocal z-stacks were collected for each experimental group 
(n = 3-5).  To minimize cell death from imaging, cultures were exposed to low power 
laser excitation.  The 2-D projections from each z-stack were then analyzed with Image 
Pro-Plus software.  The images were quantified by counting the number of extensions 
protruding from the neurosphere and measuring the area of migration (total area of sphere 
normalized to an inner circular area; n = 10-25 per culture).  
Differentiation and ECM and Integrin Production 
Immunocytochemistry was employed to evaluated markers of differentiation, pro-
survival signaling molecules, and proliferation after 7 days in culture.  MC cultures were 
cryosectioned at a thickness of 15 m prior to staining.  Fixation and sectioning was 
performed in a similar manner as outlined above.  Phenotypic markers for neural 
progenitor (nestin), astrocyte (glial fibrillary acid protein; GFAP), neuronal (β-tubulin 
III), oligodendrocyte (NG2), and oligodendrocyte precursor (marker 4; O4) lineages were 
probed.  Other markers evaluated included LN (laminin-1 specific), fibronectin (FN), and 
integrins α5β1 and α6 β1.  Cryosections for immunocytochemistry were then blocked and 
permeablized with a 4% goat serum solution supplemented with 0.1% Triton-X100 at 
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room temperature for 1 hour.  Primary antibodies for nestin (1:100, Promega, Madison, 
WI), GFAP (1:100; Millipore, Billerica, MA), β-tubulin III (1:1000; Covance, 
Harrisburg, PA), O4 (1:100; Millipore), Bcl-2 (1:60; Millipore), LN (1:50; Sigma), FN 
(1:100; Millipore), integrin α5β1 (1:50; Millipore), and integrin α6 (1:50; Millipore) were 
diluted in 4% goat serum and incubated for 2 hours at 37°C.  Sections were rinsed 3 
times with PBS followed by 2 hour incubation with the secondary antibodies of Alexa 
546nm and Alexa 633nm (Invitrogen) at room temperature.  After rinsing with PBS, 
sections were mounted with Fluoromount-G aqueous mounting medium, coverslipped 
and stored at 4°C.  Immunostaining was analyzed on a LSM confocal microscope.  For 
each immunolabel, n = 3 per group where 5 to 8 neurospheres were analyzed per group.  
A blinded observer rated each image with a relative intensity scale ranging from no 
positive immunostaining (–) to high positive immunostaining (+++).  
β1 Integrin Blocking 
NSC cultures were cultured with functional β1 integrin blocking antibodies in 
order to evaluate the dependence of migration and outgrowth on integrin-mediated 
adhesion.  NSC-MC 3-D cultures were prepared as described above.  Experimental 
treatment groups (n=3) received NSC media supplemented with anti-rat CD29 (250 
µg/ml; BD Pharmingen, San Jose, CA).  Control groups consisted of regular media (n=3) 
and media supplemented with IgG isotype control (250 µg/ml; BD Pharmingen; n=3).  At 
2, 4, and 7 days, neurite outgrowth was evaluated according to the above mentioned 
protocol.   
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Statistical Analysis 
Data are presented as mean ± one standard deviation from the mean.  Results 
were analyzed by the one- or multi-way ANOVA, followed by pair-wise comparisons 
with Tukey’s post-hoc test (SigmaStat; Systat Software, Inc., San Jose, CA).  A 95% 
confidence level and corresponding p value <0.05 was considered significant. 
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Results 
Tethered LN enhances NSC survival in a 3-D synthetic microenvironment 
Levels of LDH release from the NSCs in the MC cultures were evaluated as an 
indirect measure of cell viability.  MC tethered to BSA (MC-x-BSA) served as the 
negative control group, generated according to the MC-x-LN coupling protocol.  
Additionally, we used MC plus unmodified LN to control for residual non-tethered LN 
within MC; the LN was not reacted with intermediate crosslinker sulfo-SANPAH.  
MC+LN contained less than 1 µg LN per 1 mL of MC (non-tethered LN) and MC-x-LN 
contained 8 µg LN per 1 mL of MC (tethered LN).   At 2 days post-plating, the highest 
concentration of LDH release was observed with NSC cultured within MC, indicating an 
elevated level of cell death (Figure 4.1A).  MC+LN resulted in a significant decrease in 
LDH compared to MC-x-BSA (p < 0.01).  An even more pronounced reduction was 
observed within tethered LN (MC-x-LN), as LDH levels were significantly lower 
compared to MC (p < 0.001) and MC+LN (p < 0.05).  The significant decrease in LDH 
levels observed between MC+LN and MC indicated that residual soluble LN in MC (<1 
g/ml) initially delayed cell death at 2 days; however, the density and/or presentation (i.e. 
soluble versus tethered) was not sufficient to maintain viable NSCs compared to MC-x-
LN over 7 days in vitro. Qualitative analysis with EthD-1 staining and GFP intensity 
confirmed the results from the LDH assay.  The representative confocal micrograph 
projections (Figure 4.1B-1D) illustrate increased EthD-1 uptake in the MC-x-BSA and 
MC+LN groups compared to MC-x-LN over 7 days in vitro.  Concurrently, GFP 
intensity was maintained most prominently in MC-x-LN, providing additional evidence 
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of NSC survival.  Collectively, these results demonstrated the critical need to present 
ECM signals in an immobilized fashion mimicking in vivo ECM to prevent cell death. 
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Figure 4.1: NSC viability – (A) Elevated LDH release from NSCs cultured within MC-
x-BSA is indicative of cell death.  NSCs cultured within MC-x-LN had the significantly 
lowest level of LDH release (p<0.05). (B-D) Confocal micrograph projections of 
150μm z-stacks at 7 days post-plating of GFP on actin promoter (green) and Eth-D1 
(red).  Eth-D1 uptake was highest for NSCs plated within MC-x-BSA (B), decreased 
with MC+LN (C), and lowest within MC-x-LN (D). Scale bar = 50 m  
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MC-x-LN Reduced Apoptosis 
Similar to the cell survival results, apoptotic activity measured by bcl-2/bax levels 
and a TUNEL assay further supported the hypothesis that MC-x-LN provides pro-
survival signals to NSCs.  At 7 days in vitro, qRT-PCR was used to examine the 
expression of bcl-2 (anti-apoptotic) and bax (pro-apoptotic).  The ratio of these molecules 
is indicative of the apoptotic state of the cell; lower bcl-2/bax ratio signifies an 
upregulation of bax driving the cell into a pro-apoptotic state (Chao and Korsmeyer 
1998).  The ratio of bcl-2 to bax levels was significantly higher in MC-x-LN compared to 
all groups including the 2-D LN control (Figure 4.2F).  The results from the TUNEL 
assay further demonstrated the contribution of MC-x-LN to anti-apoptotic NSC signaling.  
TUNEL identifies cells with DNA fragments, one hallmark indicator of apoptosis.  The 
micrographs in Figure 4.2 (A-D) are representative TUNEL images for the MC groups 
and LN control.  NSCs cultured on LN coated 2-D control substrates displayed the pro-
survival potential of LN with minimal TUNEL
+
 cells.  Within MC-x-BSA, a large 
number of TUNEL
+
 cells (~70%) were distributed throughout the neurosphere; a similar 
percentage and distribution of apoptotic bodies was observed with MC+LN.  However, 
significantly few TUNEL
+
 cells were observed in MC-x-LN (~30%), which were 
localized in the center of the neurosphere.  Therefore, NSCs will undergo apoptosis when 
cultured within a microenvironment devoid of bioadhesive signals and mitogenic support.  
Collectively, these results support the hypothesis that cell-ECM interactions are critical 
for NSC survival.  
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Figure 4.2 – Apoptosis decreased within MC-x-LN – (A) At 7 days, significant 
numbers of apoptotic cell bodies (red = TUNEL
+
, blue = Hoechst nuclei stain) was 
observed within MC-x-BSA (A) and MC+LN cultures (B), but not within MC-x-LN 
(C) and on LN coated substrates (D); scale bar = 50 μm. (E) A significantly lower 
percentage of TUNEL+ cells were observed with MC-x-LN and LN coated 
compared to MC-x-BSA and MC+LN.  (F) At 7 days, the ratio of bcl-2 to bax, as 
measured by qRT-PCR, showed significantly higher levels of anti-apoptotic 
signaling in MC-x-LN and LN coated control compared to MC-x-BSA and MC+LN.  
Mean ± standard deviation, # p< 0.05 relative to all groups, $ p < 0.05 relative to 
MC-x-BSA and MC+LN.  
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Neurite Outgrowth, but Not Migration, is Modulated by MC-x-LN 
LN stimulates migration and outgrowth from NSC neurospheres (Kearns et al. 
2003; Tate et al. 2004).  Therefore, we measured both the migration and outgrowth from 
neurospheres with confocal microscopy to determine the impact LN had on these 
activities in 3-D.  For this study, we defined migration as the total area of the neurosphere 
normalized to the largest inner circle (Figure 4.3A).  At 7 days in vitro, migration from 
the viable neurospheres significantly increased when LN was present in either MC+LN or 
MC-x-LN compared to MC-x-BSA (Figure 4.3).  However, no significant difference was 
observed between MC+LN and MC-x-LN.  In addition to migration, we quantified the 
percentage of neurospheres extending projections. The outgrowth was not compared to 
LN controls as in previous experiments due to the significant migration out of the 
neurosphere that occurs on 2-D substrates coated with LN over 7 days.  Therefore, only 
3-D MC groups were compared to each other.  The results showed a significant increase 
in outgrowth within MC-x-LN compared to MC and MC+LN (Figure 4.3).  Importantly, 
the addition of a function-perturbing β1 integrin antibody to the culture media 
significantly blocked outgrowth in MC-x-LN at all time points and MC+LN at 3 days.  
Therefore, the outgrowth in LN matrices was through β1 integrin-dependent mechanisms, 
which corroborates previous 2-D studies on LN (Tate et al. 2004).  Immunocytochemistry 
on cryosectioned cultures revealed that the observed projections were β-tubulin III positive, 
indicating a neuronal phenotype (Figure 4.4).  Together these data revealed that while non-
biofunctionalized MC supports NSC migration from neurospheres, the generation of 
neurite-like projections require a LN-presenting matrix and β1 integrin activity.  
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Figure 4.3 – MC-x-LN supports β1 integrin dependent neurite extension – (A) 
At 4 and 7 days post-plating, the percentage of viable neurospheres with neurite-
like extensions was significantly higher in MC-x-LN compared to MC-x-BSA 
and MC+LN.  (B) β1 integrin function blocking significantly blocked neurite 
extension in MC-x-LN across all time points.  Mean ± standard deviation; $ p < 
0.05 relative to all groups; # p < 0.05 relative to matching β1 integrin blocked 
group. 
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3-D Presentation of LN Modulates Differentiation 
Markers of neural phenotypes were evaluated via immunocytochemistry.  At 7 
days, cultures were cryosectioned (15 µm) and stained for neural progenitor (nestin), 
neuronal (-tubulin III), astrocyte (GFAP), oligodendrocyte precursor (O4), and 
oligodendrocyte (NG2) lineages (Figure 4.4 and Table 4.1).  For this study, all culture 
conditions were without bFGF supplements except the bFGF
+
 control; removal of this 
mitogen inherently induces differentiation (Campos et al. 2004).  Our findings 
demonstrate that the extracellular microenvironment surrounding the neurosphere 
modulates and directs the differentiation of NSCs.  As expected, nestin expression was 
maximum in NSCs cultured in bFGF supplemented media; expression diminished across 
all MC conditions and LN coated control (Figure 4.4A, D, G, J).  Residual nestin
+
 
staining in the MC groups was limited to the peripheral edge of the neurosphere.  
Immunostaining for GFAP and β-tubulin III on LN coated 2-D controls clearly 
demonstrates the effect of LN on differentiation toward astrocytic and neuronal lineages, 
specifically the astrocytic lineage (Figure 4.4K).  In all MC culture conditions, GFAP 
expression was noted, however, maximum levels were observed in MC+LN (Figure 
4.4E).  β-tubulin III positive staining was detected primarily on the peripheral edges of 
neurospheres cultured within MC-x-LN (Figure 4.4H), indicating the extensions observed 
in the outgrowth study were of neuronal origin.  NG2 positive staining was absent 
throughout all culture conditions.  Detection of marker O4 was limited to MC-x-LN and 
LN coated control cultures (Figure 4.4I, L).  Collectively, these data indicated that MC 
provides an environment that cultivated primarily astrocyte and minimal neuronal 
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differentiation; however, the spectrum of phenotypes increased to include a more 
prominent neuronal population and oligodendrocyte precursors by tethering LN to MC. 
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Figure 4.4: Differentiation – Immunocytochemistry at 7 days revealed substantial differences in 
phenotype profiles within each culture condition.  Representative images of MC-x-BSA (A, B, C), 
MC+LN (D, E, F), MC-x-LN (G, H, I), and LN coated control (J, K, L). Compared to bFGF 
treated cultures, nestin staining (red; A, D, G, J) diminished in all culture conditions.  Increased 
GFAP staining (red; B, E, H, K) was most pronounce in MC+LN (D) and LN coated control (J).  
β-tubulin III (pink; B, E, H, K) was predominantly observed in MC-x-LN (H) and LN coated 
contro (K).  O4 staining (red; C, F, I, L) was only observed in MC-x-LN (I) and LN coated 
controls (L). Green = GFP on actin promoter, blue = Hoechst nuclei stain, scale bar = 50 μm. 
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Sample 
Phenotypic Markers 
Nestin GFAP -Tubulin 
III 
O4 NG2 
+FGF + + + + + - - 
- FGF + + + + + + - - 
LN coated + + + + + + + + + - 
MC + + + + + + - - 
MC+LN + + + + + - - 
MC-x-LN + + + + + + + + - 
Table 4.1: Relative scale of phenotype expression as observed with 
immunocytochemistry at 7 days (high = +++, moderate = ++, low = +, not 
detected = –).   
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Extracellular Environment Modulates ECM Production 
To further examine the functional impact LN has on NSCs, we measured the 
production of LN and FN and co-localization with their corresponding integrin binding 
receptors α6β1 and α5β1, respectively (Figure 4.5 and Table 4.2).  Antibody to the integrin 
subunit α6 was used to detect α6β1; this antibody also binds to α6β4, however, based on 
previous integrin characterization, β4 integrins are minimally expressed on NSCs (Hall et 
al. 2006; Jacques et al. 1998).  Therefore, positive α6 staining was considered to indicate 
the presence of α6β1 integrins.  NSCs plated in all MC groups stained for all probed 
markers, though the intensity and distribution of both ECM proteins and integrins varied 
across sample type (Figure 4.5 and Table 4.2).  FN and α5β1 immunostaining intensity 
levels were elevated in both MC-x-BSA and MC+LN cultures compared to MC-x-LN 
(Figure 4.5A, B, C).  We observed more intense immunostaining at the periphery of the 
neurospheres. The majority of the staining was observed at the periphery of the 
neurosphere.  Conversely, the production of LN and α6β1 in neurospheres as measured by 
immunostaining was elevated in MC-x-LN compared to MC-x-BSA and MC+LN (Figure 
4.5D, E, F).  Furthermore, the production of both LN and α6β1 integrins within MC-x-LN 
was distributed across the entire neurosphere with enhanced intensity at the peripheral 
edges.  During the immunostaining protocol, residual MC hydrogel matrix was rinsed 
from the slide, indicating that the LN staining was not from MC-x-LN, but of cellular 
origin.  Therefore, presenting a 3-D LN microenvironment to NSCs resulted in an 
upregulation of LN and α6β1 integrins across the neurosphere.  Together these data 
further demonstrate the influence of microenvironmental factors on the synthesis of ECM 
and regulation of corresponding receptors. 
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D E F 
Figure 4.5: Altered ECM and integrin production within MC-x-LN – 
Immunocytochemistry at 7 days revealed alterations in the ECM matrix and integrin 
production that were dependent culture condition. (A-C) FN production (yellow) and 
integrin α5β1 (red) were distributed throughout the neurosphere within MC-x-BSA 
(A) and MC+LN (B); however, FN and α5β1 were predominately found on the 
peripheral edges in MC-x-LN (C).  Minimal LN (yellow) and α6β1 (red) were 
observed within MC-x-BSA (D) and MC+LN (E), yet the peak ECM/integrin 
production was LN and α6β1 in MC-x-LN, distributed across the neurosphere with a 
maximum at the periphery (F). blue = Hoechst nuclei stain, scale bar = 50 μm. 
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Sample 
ECM and Integrin Expression 
LN α6β1 
integrin 
FN α5β1 
integrin 
+FGF + +  ++ + + 
- FGF + + + + +  + 
LN 
coated 
++ + + + +  +  
MC +  +  +++ +++ 
MC+LN + +  ++ ++ 
MC-x-
LN 
+++ + + + +  + 
 
  
Table 4.2: Relative scale of expression of ECM and integrins as observed with 
immunocytochemistry at 7 days (high = +++, moderate = ++, low = +, not detected 
= –).   
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Discussion 
We assessed the regulatory effect of LN presented in a 3-D matrix on NSC 
maintenance.  We established that LN tethered to MC promoted NSC viability, reduced 
apoptosis, provided an environment that fostered differentiation, and enhanced neurite 
outgrowth from neurospheres.  Moreover, the neurite outgrowth from the neurospheres 
was dependent on β1 integrin signaling signifying the specificity of the cell-LN 
interaction within MC-x-LN.  These data further established the importance of 
extracellular matrix signaling cues for positive NSC fate. 
Cellular signaling involves complex synergistic and antagonistic interactions 
between cell-ECM engagements, cell-cell contacts, and soluble molecules.  We 
demonstrated that NSCs placed in a microenvironment devoid of bioadhesive signals 
and/or extrinsic mitogenic support signals will undergo anoikisapoptosis attributed to 
the absence of ECM support.  In many transplantation paradigms, donor cells are injected 
in suspension form, void of direct ECM support.  Donor cell apoptosis at acute time-
points post-transplantation has been linked to anoikis (Marchionini et al. 2003; Pinkse et 
al. 2006; Pinkse et al. 2004; Smets et al. 2002; Thomas et al. 1999).  Moreover, lower 
donor cell transplantation into injured tissue exposes donor cells to pathological signaling 
molecules contributing to lower donor cell survival (Boockvar et al. 2005; Marchionini et 
al. 2003; Molcanyi et al. 2007).  We and others hypothesize that low levels of donor cell 
survival are due to the imbalance of pro-survival cues (e.g., cell-cell contact, cell-ECM 
interactions, growth factor signaling) with inducers of necrosis and apoptosis.  For 
instance, Marchionini et al. found that donor cell survival in a Parkinson’s lesion model 
was increased by pre-incubating transplant cell suspensions with tenascin or an antibody 
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for cell adhesion molecule L1, possibly by reducing anoikis (Marchionini et al. 2003).  In 
this study, we demonstrated that NSC viability was maintained and apoptosis was 
reduced only when cultured within MC hydrogels presenting tethered LN.  Similar 
observations of cell-ECM interactions have been made with pancreatic islet and 
hepatocyte isolations as direct plating of both cell types onto LN, FN, or collagen IV 
substrates decrease apoptosis (Pinkse et al. 2006; Pinkse et al. 2004; Smets et al. 2002).  
In a previous study, we injected NSCs into an in vitro 3-D model of traumatic neural 
injury consisting of a co-culture of mechanically injured neurons and astrocytes (Cullen 
et al. 2007c).  NSCs injected into injured co-culture contained high levels of active 
caspase; whereas the number of caspase positive donor cells was significantly reduced 
when co-delivered with MC-x-LN (Cullen et al. 2007c).  Thus, by incorporating pro-
survival cell-ECM interactions to the transplant delivery vehicle, the cytotoxic transplant 
environment may effectively be reduced and improve donor cell survival.       
During development, LN-1 is found predominantly in the basement membrane 
and provides guidance signals for cell migration and differentiation (Reviews (Colognato 
and Yurchenco 2000; Kleinman et al. 1988; LuckenbillEdds 1997; Powell and Kleinman 
1997)).  As development progresses ( > murine postnatal day 0), LN-1 is synthesized 
predominantly near to the blood vessels (LuckenbillEdds 1997); conversely, other 
isoforms of LN are expressed in a region specific manner (Zhou 1990).  For example, 
laminin-α2 isoform is predominately expressed in the VZ/SVZ of adult mice where NSCs 
reside with co-localization of β1 integrins (Campos et al. 2004).  In addition, growth 
factor (e.g., FGF and epidermal growth factor) gradients participate in concert with ECM 
cues to direct cell migration and differentiation (Review (Campos 2005)).  In the present 
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study, providing a LN milieu profoundly affected NSC fate as measured by survival, 
apoptosis, neurite outgrowth, and differentiation.  MC-x-LN enhanced neuronal and 
oligodendrocyte precursor differentiation and promoted neurite extension from the 
neurospheres.  These results corroborate with previous studies that evaluated NSC 
adhesion, migration, and differentiation on 2-D LN coated surfaces (Flanagan et al. 2006; 
Kearns et al. 2003; Leone et al. 2005; Tate et al. 2004).    
NSCs maintained in proliferative neurosphere cultures result in a heterogeneous 
cell population with a supporting 3-D microenvironment that mimics characteristics of 
the stem cell niche in vivo (Campos et al. 2004).  In this study, surrounding the NSCs in a 
LN rich microenvironment perturbed the spatial distribution of phenotypic markers 
across the neurosphere.  NSCs maintained under proliferative culture conditions (e.g., 
bFGF or EGF supplemented medium) possess a phenotypic distribution that is dependent 
on the spatial location within the neurosphere (Aarum et al. 2003; Campos et al. 2004).  
In the presence of bFGF, nestin positive cells are located on the peripheral edges and 
more mature phenotypes (neuronal and astrocyte) are located in the center of the 
neurosphere (Aarum et al. 2003; Campos et al. 2004).  However, NSCs cultured without 
bFGF expressed minute traces of nestin and mature phenotype markers were observed at 
the periphery (data not shown).  Similarly, NSCs cultured in MC-x-BSA without bFGF 
resulted in GFAP expression across the neurosphere and diminished nestin expression.  
Introducing tethered LN to MC resulted in neuronal, astrocytic, and oligodendrocyte 
differentiation at the periphery; nestin expression was reduced overall and peripherally 
located.  Similar to in vivo signaling, the LN bioadhesive moieties provided 
differentiation signals to the NSCs.   
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Related to the altered phenotypic profile, the production of ECM proteins and 
corresponding integrin profiles depended upon the culture conditions.  Neurospheres 
maintained with mitogens (bFGF or EGF) have shown expression of LN predominantly 
in the center (Campos et al. 2004).  In contrast, the production of LN and α6β1 integrins 
was upregulated in MC-x-LN compared to MC and MC+LN.  The corresponding spatial 
phenotype in MC-x-LN indicates that the production of LN is of neuronal or astrocytic 
origin as both cell types have been shown to produce LN (Jucker et al. 1991; Liesi et al. 
2001; Zhou 1990).  Deposition of this ECM further perpetuates the formation of a niche 
that promotes migration and differentiation.  In contrast, FN and α5β1 integrins were 
expressed at higher levels in MC-x-BSA and MC+LN compared to MC-x-LN.  The 
differentiation profile within these MC groups consisted predominantly of astrocytes, a 
cell type known to produce FN (Liesi et al. 1986).  Therefore, we established that a LN 
enriched environment modulates the ECM production of NSCs, presumably correlating 
with phenotype alterations.  
In conclusion, by controlling the presentation LN within a novel engineered 3-D 
scaffold we were able to evaluate the influence of cell-ECM interactions on NSC fate.  
We observed a significant improvement of NSC survival using the tethered MC-x-LN 
scaffold and profound enhancement of neurite outgrowth and differentiation compared to 
MC matrices void of specific ECM interactions. While NSCdevelopment is directed by 
other signals in addition to cell-ECM interactions, LN presentation through 
bioengineered scaffolds can be utilized to control NSC fate and begin to understand the 
complex signaling that occurs with multiple biological inputs (Mahoney and Anseth 
2007; Nakajima et al. 2007).  These studies demonstrate both synergistic and contrasting 
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effects of matrix and growth factor interactions that occur with NSCs, providing a 
baseline for future studies of cell-ECM interactions.  Therefore, this controlled matrix 
provides a novel platform in which additional stimuli could be introduced in order to 
evaluate multiple stimuli on NSCs for improved therapeutic approaches that require NSC 
control.  
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CHAPTER 5: A MULTI-LEVEL EVALUATION OF 
METHYLCELLULOSE TISSUE ENGINEERED CONSTRUCTS IN 
TRAUMTATICALLY INJURED NEURAL ENVIRONMENTS 
Abstract 
Neural transplantation is a promising treatment modality for traumatic brain 
injury (TBI).  However, the full potential this therapy is limited by low levels of donor 
cell survival.  Moreover, while deleterious cellular signaling cascades have been 
identified after TBI in the host tissue, the consequence of subjecting donor cells to these 
pathological factors is not fully understood.  The aim of this study was to evaluate the 
influence of a tissue engineered scaffold on neural stem cell (NSC) function within 
injured neural tissue using both in vitro and in vivo models of TBI.  First, acute NSC 
survival was evaluated in a 3-D neuron-astrocyte co-culture subjected to a mechanical 
deformation, which induces key components of astrogliosis at 4 days after injury.  NSCs 
in Hank’s balanced salt solution (HBSS), MC, or MC-x-LN were delivered into 
mechanically injured or control co-culture.  Subsequent evaluation of NSC active 
caspases revealed a significant increase when delivered without MC-x-LN into injured 
co-cultures.  To evaluate the longer term effect of the MC-x-LN scaffold on the NSC 
response, a controlled cortical impact in vivo injury murine model was used in which 
adult male mice sustained moderate brain injuries and received transplants 1 week after 
injury.  Over the course of 8 weeks, an injury deficit in fine motor skills measured with a 
beam walk task was sustained; however, none of the treatment groups resulted in 
significant recovery of function using this measure.  Histological analysis of glial 
response of the host tissue was comparable across groups. Qualitative evaluation of NSC 
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migration patterns indicated a dependency on the delivery vehicle (HBSS vs. MC-x-LN).  
NSCs delivered in MC-x-LN were primarily observed in corpus callosum or the medial 
lining of the injury cavity, whereas HBSS group engraftment was more random.  In both 
NSC delivery mediums, donor cells residing in the lining of the injury cavity were 
GFAP
+
.  The results from the in vitro model system indicated that MC-x-LN enhanced 
NSC survival when exposed neural injury components for an acute period of time.  The 
in vivo model evaluated a more chronic time point that indicated that MC-x-LN potential 
influenced engraftment location of donor cells.  Collectively, this unique multi-level 
analysis demonstrated the importance of providing critical survival cues to transplants 
exposed to a pathological environment. 
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Introduction 
Neural stem cells (NSC)-based therapies for traumatic neural injuries, neural 
degenerative diseases, and stroke have shown promise in providing beneficial functional 
outcomes (Bakshi et al. 2006; Riess et al. 2002b; Shear et al. 2004; Subramanian 2001).  
However, the underlying limitation in transplantation for each of these pathologies is 
poor donor cell survival (Bakshi et al. 2005; Boockvar et al. 2005; Kim et al. 2006; 
Marchionini et al. 2003; Tate et al. 2002).  Cell signals (e.g., trophic support, cell-cell 
signaling, and cell-extracellular matrix interactions) within the microenvironment of 
donor cells are crucial to cell survival, maintenance, and function.  Conventional 
transplantation methods generally deliver donor cells in liquid suspension form.  Donor 
cells are consequently delivered directly into pathological host tissue void of homeostatic 
survival cues.  Disruption of this homeostatic state via pathological, mechanical, or 
enzymatic disturbances can lead to apoptosis.  Recently, studies examining NSC 
transplantation as a potential treatment for traumatic brain injury (TBI), have implicated 
caspase-mediated mechanisms of donor cell apoptosis (Bakshi et al. 2005). 
Pro-survival signaling pathways have been targeted via pre-incubation with 
growth factors, co-delivery with ECM molecules, or genetic modifications of the cells to 
upregulate molecules involved in pro-survival pathways (i.e., growth factors, Bcl-2) 
(Bakshi et al. 2006; Boockvar et al. 2005; Duan et al. 2000; Marchionini et al. 2003; 
Sinson et al. 1996; Tate et al. 2002).  Some success has been observed; however, the 
consequence of immersing cells in a pathological environment has not been fully 
elucidated.  Recently, in vitro models of neural injury and/or activated astrocyte / 
microglia cultures have shed light on the effect of removing NSCs from a homeostatic 
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environment and subjecting it to a pathologic milieu (Aarum et al. 2003; Cullen et al. 
2007c; Faijerson et al. 2006).  It is acknowledged that such models have inherent 
limitations, as the complex injury environment is simplified, yet these models permit 
mechanistic analysis and incremental addition of pathological components.  Therefore, 
models may aid in identifying dominant factors that influence donor cell survival.  
The tissue engineering scaffold used in this study targets cell-ECM interactions 
by delivering donor cells within a scaffold decorated with specific ECM proteins.  This 
methodology strives to develop bioinspired and/or rationally designed materials to 
support a prosperous cellular network for the repair, replacement, and/or restoration of 
damaged neural tissue due to traumatic injury.  Design of such a scaffold must 
encompass material and mechanical properties of the desired applicative tissue/system.  
In the case of TBI or spinal cord injury (SCI), materials such as agarose (Jain et al. 2006), 
collagen gels (Woerly et al. 1999), and fibrin matrices (Taylor et al. 2004) have been 
investigated.  However, the lesions produced by such injuries often include a cavity, thus 
therapeutic treatments in scaffold form must have the capacity to conform to irregularly 
shaped cavities to ensure a stable host-scaffold interface.  The thermoreversible polymer 
methylcellulose (MC) is a potential scaffolding material that has several attractive 
features for neural tissue engineering applications (Stabenfeldt et al. 2006; Tate et al. 
2001).  MC is a unique polymer that responds to temperature changes as it forms a 
hydrogel at temperatures above the lower critical solution temperature (LCST).  This 
property of MC facilitates the injection of MC into a defined space in liquid phase, which 
then forms a hydrogel in response to temperature increases from the surrounding 
environment.  In peripheral nerve and spinal cord transection models, MC and MC 
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polymer blends have facilitated neurite outgrowth and improved functional recovery 
(Gupta et al. 2006; Tsai et al. 2006; Wells et al. 1997). 
Laminin-1 (LN) is an ECM protein that has been shown to improve NSC survival, 
proliferation, migration, and differentiation (Aarum et al. 2003; Flanagan et al. 2006; 
Kearns et al. 2003; Leone et al. 2005; Nakajima et al. 2007; Recknor et al. 2006; Tate et 
al. 2004).  In neural tissue engineering, scaffolds coated with or tethered to LN have been 
found to promote neurite outgrowth in transected peripheral nerves (Hadlock et al. 2000; 
Yu and Bellamkonda 2003).  Therefore, we hypothesize that a neural tissue engineering 
scaffold composed of MC and LN has the potential to enhance NSC survival in a neural 
injury environment. 
The aim of this study was to evaluate the potential positive effect MC-x-LN 
imposes on NSC survival, migration, and differentiation when delivered in concert into a 
host environment displaying components of neural injury.  This goal was achieved by 
utilizing a multi-level analysis with both in vitro and in vivo injury models.  First, the 
acute apoptotic activity of NSCs was evaluated with an in vitro neural co-culture 
(neurons and astrocytes).  This co-culture system has been shown to exhibit hallmark 
signs of astrogliosis following mechanical deformation (Cullen et al. 2007b).  
Subsequently, an in vivo TBI model (controlled cortical impact) enabled a more long-
term evaluation of NSC co-delivered with MC-x-LN.  Collectively, the results from these 
models indicated that MC-x-LN enhanced NSC survival in the short term, which 
potentially influenced the differences in engraftment and migration locations in the long 
term. 
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Methods 
All animal procedures were approved by the Institutional Animal Care and Use 
Committee (IACUC) of the Georgia Institute of Technology.  All reagents were 
purchased from Invitrogen (Carlsbad, CA) unless otherwise noted. 
Neural Stem Cell Harvest and Culture 
NSC neurospheres were obtained from primary fetal transgenic B6-TgN(β-act-
EGFP)osbY01 mice (C57BL6 background).  The use of NSCs constitutively expressing 
GFP enabled time-course 3-D imaging on a confocal microscope to evaluate migration 
and neurite outgrowth.  Pregnant mice (gestational day 14.5) were anesthetized with 
isoflurane and sacrificed. The fetuses were then isolated by Caesarian section and 
decapitated; the scalp and skull were removed.  Next, the germinal zone was isolated and 
mechanically dissociated in HBSS.  Cells were maintained in suspension culture in NSC 
medium comprised of serum-free DMEM/F12 containing insulin (25 g/mL; Sigma 
Aldrich, St. Louis, MO), transferrin (100 g/mL; Sigma), putrescine (60 M), sodium 
selenite (30 nM), progesterone (20 nM), and glucose (6 g/mL; Sigma).  Cultures were 
maintained in a tissue culture incubator of 37ºC, 5% CO2, and 95% relative humidity.  
Human recombinant basic fibroblast growth factor (FGF, 20 ng/mL; Peprotech) 
supplements were added every other day to maintain proliferating neurospheres.  The 
resulting neurospheres were passaged every 7-10 days, which were used at passages 3-5.  
Tethering of Laminin-1 to Methylcellulose 
MC (methylcellulose, Mw~40kDa; Sigma) hydrogels were prepared in 1X 
Dulbecco’s Phosphate-Buffered Saline (D-PBS) according to a dispersion technique 
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previously reported (Kobayashi et al. 1999; Tate et al. 2001).  Tethering of laminin-l 
(LN) to MC was accomplished via photocrosslinker N-sulfosuccinimidyl-6-[4´-azido-2´-
nitrophenylamino] hexanoate (sulfo-SANPAH; Pierce Biotechnology, Inc, Rockford, IL). 
Briefly, LN (200 g/mL) was incubated with a 0.5 mg/mL sulfo-SANPAH solution in 
absence of light for 2.5 hours.  Residual unreacted sulfo-SANPAH was removed with 
micro-centrifuge filters.  LN-SANPAH (200 g/mL) was reconstituted and thoroughly 
mixed on ice with MC (7.2% w/v).  A thin layer of the MC+LN-SANPAH mixture was 
then cast onto a glass slide and exposed to UV light for four minutes (100 W, 365 nm; 
BP-100AP lamp, UVP, Upland, CA) to initiate the photocrosslinking reaction.  Upon 
completion of the tethering scheme, unbound LN was removed by rinsing with D-PBS 
supplemented with 0.1% Tween-20 followed by three rinses with D-PBS.  MC tethered 
to LN is referred to as MC-x-LN and unmodified MC is referred to as MC.  This 
tethering scheme resulted in 8.2 ± 1.4 µg LN per ml of MC. 
In vitro Neural Injury Model Methods 
A portion of the data presented in this study was a included in a collaborative 
publication that utilized a well-characterized neuron astrocyte co-culture to evaluate acute 
apoptotic NSC activity delivered with and without a tissue engineering scaffold 
(Appendix A) (Cullen et al. 2007c).  In addition to the published active pan-caspase 
results, a more specific analysis of active caspase 3 and 7 in NSCs delivered into neuron-
astrocyte co-cultures was performed.  All methods were based on the collaborative 
publication and are outlined below.    
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Neuron and Astrocyte Co-cultures 
Co-cultures consisting of primary cortical neurons and astrocytes were plated in 
3-D within Matrigel® (Becton Dickinson Biosciences; Bedford, MA).  Culture methods 
were based on previous publications (Cullen et al. 2007b).  Primary cortical neurons 
(embryonic day 18) and cortical astrocytes (postnatal day one) were harvested from 
Sasco Sprague–Dawley rats (Charles River, Wilmington, MA).   
The cortical neurons harvest and dissociation was as follows.  Timed-pregnant 
dams (E18) were anesthetized with isoflurane and rapidly decapitated.  Fetuses were 
removed by Caesarian section, placed into Hanks Balanced Salt Solution (HBSS), rapidly 
decapitated, and the brain was removed.  Next, the cerebral cortices were isolated.  Tissue 
was dissociated with trypsin (0.25%) and 1 mM EDTA  (10 min at 37 °C). The trypsin–
EDTA was exchanged for HBSS supplemented with DNase I (0.15 mg/mL; Sigma). The 
tissue was gently vortexed for 30s, centrifuged at 1000 rpm for 3 min, then the 
supernatant was aspirated and the cells were resuspended in Neurobasal medium 
supplemented with 2% B-27, 1% G-5, and 500 μM L-glutamine (co-culture medium). 
Astrocytes were harvested from day one postnatal pups.  Pups were anesthetized 
with isoflurane and rapidly decapitated. The brains were removed and the cerebral 
cortices isolated.  Upon isolation, cortices were minced and treated with trypsin–EDTA 
(37 °C for 5 min).  The DNase – HBSS solution was added and the tissue was triturated 
with a flame-narrowed Pasteur pipette.  Astrocyte medium (DMEM/F12 supplemented 
with 10% fetal bovine serum) was added and the cells were centrifuged (1000 rpm, 3 
min).  The supernatant was aspirated and the cells were resuspended and transferred to T-
75 tissue culture flasks.  Upon reaching 90% confluency, cells were passaged and 
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replated at a density of 300 cells/mm
2
.  Astrocytes of passage 4-12 were used for the 3-D 
co-cultures. 
Co-cultures were plated with the neurons and astrocytes isolated from the 
protocols above.  Cultures were plated in custom-made cell culture chambers designed 
for the cell shearing device; they were constructed with a glass coverslip and silicone-
based elastomer mold (Sylgard 184 and 186, Dow Corning; Midland, MI).  The chambers 
were pre-treated with 0.05 mg/mL poly-L-lysine (PLL, Sigma; 4 hrs) followed by 
Matrigel (0.5 mL/well at 0.6 mg/mL) in Neurobasal medium (4 hrs).  Co-cultures were 
plated within Matrigel matrix (2500 cells/mm
3
, 1:1 neuron:astrocyte ratio) at a final 
Matrigel concentration 7.5 mg/mL and thickness of 500–750 μm.  Co-cultures were then 
incubated at 37 °C to permit matrix gelation and 3-D cell entrapment for 1 hour at which 
point 0.5 mL of co-culture medium was added to each well.  Cultures were maintained at 
37 °C and 5% CO2–95% humidified air, and medium was exchanged at 24 h post-plating 
and every 2 days thereafter. 
In vitro Mechanical Injury Model: Cell Shearing Device 
After 21 days post-plating, the 3-D co-cultures were subjected mechanical 
deformation.  The injury device imparts a high-strain rate shear deformation to the 3-D 
cultures; this device and the resulting cellular alterations and death of neural co-cultures 
has been extensively characterized (Cullen and LaPlaca 2006; Cullen et al. 2007b; 
LaPlaca et al. 2005).  Briefly, co-cultures were subjected to mechanical injury through a 
rapid horizontal motion of the cell chamber top plate relative to a fixed base resulting in a 
high-strain-rate simple shear deformation to the co-cultures. This 3-D bulk shear 
deformation generates heterogeneous local cellular strains in which culture viability is 
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directly dependent on strain rate (Cullen and LaPlaca 2006; LaPlaca et al. 2005).  After 
mechanical injury or mock loading of control cultures, medium was added and the 
cultures were returned to the incubator. 
Injection of NSC and Delivery Vehicles to Co-Cultures 
NSCs were delivered via controlled injection designed to mimic in vivo transplant 
protocols implemented by our group (Shear et al. 2004; Tate et al. 2001).  Injection into 
co-cultures (injured and control) occurred 2 days after mechanical injury.  NSCs were 
delivered with a microsyringe mounted on a micromanipulator 200 µm below the surface 
of the co-culture.  Prior to injections, co-cultures were placed in a laminar flow hood and 
the majority of the medium was removed.  Then, 2.5 µL of NSCs (1.5 × 10
4
 cells total) 
dispersed within Neurobasal medium, MC, MC+LN, or MC-x-LN to the co-cultures over 
2 minutes.  The cultures were returned to a tissue culture incubator for 60 min, after 
which co-culture medium was added. 
Acute Survival Analysis: Active Caspase Assay 
At 3 days post-injection, the level of activated caspases, a family of proteolytic 
enzymes central in apoptotic cell death, was measured in order to assess the involvement 
of pro-apoptotic pathways in NSCs transplanted into injured 3-D cultures using a 
commercially available kit (CaspaTag
TM
 Pan-Caspase Assay; Chemicon, Temecula, CA; 
n = 3-4 cocultures per condition).   A second round of experiments evaluated exclusively 
active caspase 3 and 7 by using CaspaTag Caspase 3 and 7 In Situ Assay Kit (Chemicon).  
The kits use fluorochrome inhibitor of caspases (FLICA) , which covalently bind to 
activated caspase heterodimers.  Pan-caspase used the sequence SR-VAD-FMK, while 
caspase 3 and 7 are targeted with SR-DEVD-FMK.  The respective caspase reagent was 
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mixed in media (1:30) and added to the cocultures. Following incubation at 37°C at 5% 
CO2 for 60 min, the cocultures were rinsed. The binding reaction causes the fluorescent 
indicator to be retained in a cell, therefore permitted fluorometric detection of activated 
caspases colocalized with GFP
+
 cells in 3-D cocultures (4-5 randomly selected regions 
per coculture were sampled with a LSM confocal microscope). 
Statistical Analysis 
Data were analyzed by a multi-way analysis of variance (ANOVA) followed by 
Tukey’s pairwise comparisons (p<0.05).  Means were considered to be statistically 
significant by using an alpha value of 0.05.  Data is reported as mean ± standard 
deviation.   
 
In Vivo Murine TBI Model 
Controlled Cortical Impact Injury 
The controlled cortical impact (CCI) device imparts a controlled mechanical 
compression to the cortical surface of the brain of adult male mice under moderate brain 
injury parameters.  Unilateral contusions were generated using a custom-built controlled 
cortical impactor (CCI) device as described previously (Dixon et al. 1991; Tate et al. 
2002).  Adult male C57BL6 mice (8-12 weeks old; 20-25g; Jackson Laboratory, Bar 
Harbor, MN) were anesthetized with isoflurane (induction 3%; maintenance 1-2%) and 
placed in a stereotaxic frame.  An incision in the scalp was made to expose the skull.  A 
tissue-punch craniotomy (4 mm diameter) was performed over the left frontoparietal 
cortex (center: 2.0 mm posterior to bregma; 2.0 mm lateral to the midline).  The impactor 
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tip was angled 15º from vertical to ensure the tip was perpendicular to the tangential 
plane of the brain surface.  The metal impactor (3 mm diameter) was controlled with a 
pneumatically-operated piston.  Injury impact was at a velocity of 6.0 m/s to a depth of 
1.0 mm below the dura mater for 150 ms duration.  Consistencies among injuries were 
verified by measuring the impact velocity and duration with a linear variable 
displacement transducer.  Following injury, the incision was sutured and animals were 
allowed to recover on warming pads.  Sham surgeries for uninjured controls involved 
anesthesia, incision, cranectomy, positioning of the impactor, and suturing.  Following 
recovery from surgery, all mice were housed in a temperature and humidity-controlled 
environment with a 12:12 hour light:dark cycle with food and water available ad libitum. 
Transplantation of NSCs 
Seven days following the CCI injury, animals were anesthetized with isoflurane 
(3% induction, 1% maintenance) and placed in a sterotaxic frame. The incision site for 
injury or sham was re-opened and using a Hamilton microsyringe (27-guage needle; 
Hamilton, Reno, NV) 7 µl of NSCs in a specified delivery vehicle (passage 3; 6.125 x 10
4
 
cells total; 8.75 x 103 cell/μL) were transplanted.  Transplants were delivered into the 
center of the 4 mm crainiectomy circle at a depth 1.1 mm below the dura mater at a rate 
of 0.7 µL / min using a syringe pump (Sage Instruments).  After completion of the 
injection, the needle was left in place for an additional 5 minutes and then withdrawn 
slowly over 2 minutes to minimize leakage through the needle track.  The incision was 
sutured and animals were kept on a heating pad for recovery.  Vehicle control animals 
received 7 μL HBSS without cells, sham animals (injured controls, sham, and naïve 
animals) were anesthetized and the incision was re-opened and sutured, but no injection 
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was given. Transplant groups were as follows: NSCs + vehicle (n=6), NSCs + scaffold 
(n=8), vehicle only (n=3), scaffold only (n=8), injured controls (no transplant; n=5), 
shams (no injury or transplant; n=4), naïve (anesthesia and suturing only; n=3). 
Beam Walk Motor Functional Test 
The beam walk task was used to assess fine motor coordination and deficits (Fox 
et al. 1998).  Mice were trained one week prior to injury surgery and baseline levels were 
measured one day prior to injury surgery.  The mice were placed at the start point near 
the end of a narrow beam (12 mm width for the first 50 cm; 6 mm width for the second 
50 cm; 25 cm above a padded surface) and were allowed to traverse the beam into a 
darkened goal box.  The CCI injury to the left frontoparietal cortex results in deficits in 
motor control for the right hindlimb (Fox and Faden 1998; Fox et al. 1998). Therefore, 
the outcome measure was the percentage of right hindlimb foot slipped 5 mm or more 
below the beam surface.  Mice were tested for three trials per time point to generate a 
mean value for data analysis.  Between trials, mice were allowed to rest for 30 seconds in 
the goal box.  The behavior schedule was as follows: training 1 week prior to injury, 
testing 1 day prior to CCI-injury, testing 6 days post-injury (1 day prior to transplants), 
and then testing weekly for 8 weeks post-transplant.  All researchers involved in the 
beam walk data collection and analysis were blinded. 
Tissue Harvest and Processing 
Animals were sacrificed at 8 weeks post-transplantation and brain tissue was 
harvested and processed histological analysis. Mice were anesthetized with an 
intraperitoneal injection of pentobarbital (80 mg/kg) and were perfused with PBS (0.1M; 
pH 7.4) followed by 4% paraformaldehyde in PBS.  Brains were harvested, post-fixed 
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(4% paraformaldehyde; 4°C for 12 hours), and cryoprotected (phosphate-buffered 30% 
sucrose; 4°C for 3-5 days).  The brains were then embedded in optimal cutting 
temperature medium (OCT; Sakura, Torrence, CA), frozen, and stored at -80°C.  Brains 
were coronally sectioned in 10 μm thick sections on a Microtome Cyrostat (Richard-
Allan Scientific; Kalamazoo, MI).  Sections were mounted in sequential series on gelatin-
coated glass slides. 
Immunohistochemistry 
Immunohistochemistry was used to evaluate both the host response to the 
transplants and the differentiation of the transplanted cells.  Methods have been 
previously established (Shear et al. 2004; Tate et al. 2002).  Briefly, cryosectioned tissue 
was allowed to thaw at 4ºC for 12hrs.  Sections were then permeablized with 0.1% 
Trition X-100 (Sigma) in 8% goat serum (Invitrogen) diluted in PBS for 1 hour at room 
temperature.  Primary antibodies were diluted in 0.1% Triton X-100 and 4% goat serum 
to achieve the appropriate concentration for Immunohistochemistry.  Diluted primary 
solutions were then added atop of the brain sections and incubated overnight at 4°C.  
Upon rinsing thrice with PBS, the appropriate secondary antibodies diluted in 4% goat 
serum added atop of the sections and incubated at room temperature for 2 hrs.  Sections 
were then rinsed 3 times in PBS and treated with a DNA counterstain (Hoechst; 
Molecular Probes) for 10 min.  Sections were rinsed 3 times in PBS and mounted with 
Fluoromount-G medium.  Slides were stored at 4°C until analyzed.  Primary antibodies 
and dilutions used in this study were as follows: anti-nestin (1:200; Promega), anti-β-
tubulin III (1:1000; Promega), anti-glial fibrillary acid protein (GFAP; 1:200; Chemicon), 
anti-oligodendrocyte marker 4 (O4; 1:200; Chemicon), anti-NG2 chondroitin sulfate 
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proteoglycan (NG2; 1:200; Chemicon), anti-neuronal nuclei (NeuN; 1:100; Chemicon), 
and Griffonia simplicifolia isolectin IB4 conjugated to Alexa 568 (1:100; Invitrogen).  
Appropriate secondary antibodies of goat-anti-mouse IgG Alexa 546 (1:1000; Molecular 
Probes) or goat-anti-rabbit IgG Alexa 633 (1:1000; Molecular Probes) were used to 
visualize primary staining with a fluorescent microscope.   
Host Response: GFAP intensity Quantification and Isolectin B4 Analysis 
At 8 weeks post-transplant (9 weeks post-injury), the peak host inflammatory 
response has subsided.  However, host GFAP response was evaluated to ensure the MC-
x-LN scaffold and / or NSC transplants did not exacerbate the chronic glial response.  
The intensity of GFAP immunostaining was quantified with a previously developed 
MATLAB program (Jain et al. 2006).  Fluorescent images were obtained at 20x 
magnification under constant gain and exposure settings.  The MATLAB program then 
generated radial sections (30 sections per image) starting from the injury cavity and 
branching out.  The fluorescent intensity was then quantified, recorded, and averaged as a 
function of distance from the injury cavity.  For this analysis, n= 2 brains per group with 
n = 4 serial sections (80 µm apart; ~640µm from the start of the injury cavity) where 6-8 
images per section was analyzed. 
IB4 staining was performed to further evaluate the host response.  IB4 is a 
glycoprotein isolated from Griffonia simplicifolia that binds to various cell surface 
markers.  It was used in this study initially to evaluate the presence of microglia.  Images 
of ranging magnification were recorded and examined.  IB4 not only binds to microglia, 
but also perivascular cells, stimulated macrophages, and some forms of laminin.  
Therefore, the morphology of the IB4+ cells was also analyzed.  For analysis, n = 2 brains 
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per group and n = 4 serial sections (80 µm apart; ~640µm from the start of the injury 
cavity) where IB4+ regions were examined with 4-5 images per section. 
Donor Cell Phenotype and Migration Analysis 
Immunostained sections with donor cells were analyzed on a LSM confocal 
microscope (n=4-6 sections per brain, n = 2-3 brains per condition).  Confocal z-stack 
images were acquired to confirm co-localization of a specific phenotypic marker with 
GFP expression from the donor cells.   
To evaluate donor cell migration, sequential serial sections were analyzed 
beginning ~1.0mm anterior to the lesion cavity and continued through 0.5mm posterior to 
the injury cavity.  The engraftment location and relative number of cells was recorded (n 
= 3 brains per NSC group).  
Statistical Analysis 
Behavioral data were analyzed by a repeated measures parametric multi-way 
analysis of variance (ANOVA) followed by Tukey’s pairwise comparisons (p < 0.05).  
All other data was analyzed with a multi-way ANOVA followed by Tukey’s pariwise 
comparisons (p < 0.05).  Data is reported as mean ± standard deviation.  A posthoc power 
analysis on the behavior data was calculated to determine the minimal number of subjects 
needed to have 80% power (α = 0.05, β = 0.2; assuming 100% prevalence) at detecting a 
15 - 30% improvement effect. 
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Results 
In vitro Neural Injury Model 
Injury Model Validation 
A neural 3-D co-culture injury system that exhibited key components of neural 
injury allowed the evaluation of NSCs in a controlled setting.  The co-cultures were 
subjected to moderate injury conditions that results in both significant cell death 2 days 
after injury and hypertrophic astrocytes 5 days after injury (Cullen et al. 2007c).  The co-
culture system was utilized to mimic the in vivo injury environment in order to evaluate 
the acute response of donor NSCs and begin to determine mechanisms of cell death. 
Neural Injury Environment Influenced NSC Caspase Activity  
Pan-Caspase Activity 
When NSCS were delivered in liquid suspension form to injured neural co-
cultures, a significant increase in TUNEL+ NSCs was observed with injured co-cultures 
compared to control co-cultures (Cullen et al. 2007c).  Therefore, this model system 
demonstrated a negative effect of the injury environment on NSC “transplants”.  This 
observation lead to the use of this model for evaluating tissue engineered scaffolds 
designed to enhance acute donor cell survival.  Consequently, active caspases, a class of 
enzymes that are involved in apoptotic signaling (see Review (Ceccatelli et al. 2004)) 
were measured 72 hours after co-delivery of NSCs in medium, MC, and MC-x-LN into 
injured or control co-cultures.  Endogenous caspase-3 activity has been reported in NSC 
neurospheres in the initial phase of differentiation; however, the peak level of activity 
was observed 24 hours after subjecting NSCs to differentiation medium and returns to 
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baseline after 48 hours (Fernando et al. 2005).  Therefore, caspase activity assessed at 72 
hours is expected designate apoptotic activity.  Statistical analysis revealed that donor 
cell caspase activation depended significantly on the co-culture environment (injured vs. 
control; p < 0.01), the delivery method (vehicle vs. MC vs. MC-LN; p < 0.01), and 
interactions of these variables (p < 0.05) (Figure 5.1).  Moreover, in control co-cultures, 
low levels of donor cell caspase activity were observed in all delivery groups.  However, 
in the injured co-cultures, a significant increase in donor cell caspase activity was 
observed when NSCs were delivered within medium compared to control co-cultures (p < 
0.05).  The mean percentage of caspase activated GFP
+
 donor cells was similar to the 
mean percentage of TUNEL+ donor cells, indicating these cells were dying via caspase 
mediated apoptosis (Cullen et al. 2007c).  Alternatively, in injured co-cultures, the 
presence of MC (n = 3) or MC-x-LN (n = 4) resulted in a significant decrease in the 
amount donor cell caspase activity (p < 0.05 and p < 0.001, respectively) compared to in 
the vehicle.  Although, a post-hoc power analysis assuming similar variability determined 
that a significant difference between MC and MC-x-LN could be detected with n=5 for 
each group.  Therefore, a supplemental experiment was performed to not only decrease 
the variability, but also to examine more specific effector caspases 3 and 7.   
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Figure 5.1 – NSC pan-caspase activity. NSCs were delivered with HBSS to the injured 
co-cultures, the percentage of cells with colocalized GFP and activated caspases 
significantly increased beyond control levels ($ represents p < 0.05). However, delivery 
in MC-x-LN and MC mitigated this effect. NSCs co-delivered in MC-x-LN to injured co-
cultures reduced activated caspases to levels near donor cells in control co-cultures. 
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Effector Caspase 3 and 7 Activity 
The experimental timeline remained the same for this study; the only variation in 
protocol was the FLICA reagent.  Similar to the pan-caspase experiment, effector 
caspase-3 and -7 activity in donor cells significantly depended on co-culture conditions, 
delivery vehicle, and the interactions (Figure 5.2).  When NSCs were delivered to control 
co-cultures low levels of donor cell caspase activity were observed in all delivery groups.  
However, when NSCs were injected to injured co-cultures within HBSS or MC, caspase 
3 and 7 activity significantly increased (p < 0.05). Delivery in MC-x-LN significantly 
decreased the number of caspase+ donor cells compared to HBSS and MC delivery 
vehicles (p < 0.05).  Caspase levels for all groups were moderately higher compared to 
the pan-caspase assay, but within one standard deviation of the respective groups.  
However, a notably increase was observed in the injured co-culture MC delivery group.  
As mentioned above, that group in the pan-caspase assay had an n = 3, while in the 
caspase 3 and 7 assay n = 5 cultures were evaluated.  Collectively however, these two 
caspase assays demonstrated the benefit of co-delivering NSCs with MC-x-LN when 
transplanting into a hostile injury environment. 
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Figure 5.2 – NSC Caspase-3 and -7 Activity.  (A)NSCs delivered to control co-cultures 
expressed low levels caspase activity in all delivery groups.  However, when NSCs were 
injected to injured co-cultures within HBSS or MC, caspase 3 and 7 activity significantly 
increased.  Co-delivery in MC-x-LN into injured co-cultures significantly decreased the 
number of caspase+ NSCs compared to HBSS and MC.  Data presented as mean ± 
standard deviation. $ represents p < 0.05 relative injured MC-x-LN. # represents p < 0.05 
relative to respective control culture group.  Scale bar = 50 µm. 
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Figure 5.2 Continued – Representative confocal reconstructions of GFP+ donor cells co-
delivered with (B, E) HBSS, (C, F) MC, or (D, G) MC-x-LN in 3-D cocultures following 
exposure to control conditions (B-D) or mechanical injury (E-G), where the 
colocalization of the active caspases (red) with GFP (green) is identified by the yellow 
cell bodies.   
E F G 
B. C. D. 
E. F. G. 
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In Vivo TBI Model: Neural Tissue Engineering for NSC Support 
Behavior Results: Beam Walk 
Motor coordination was tested throughout the duration of the transplant study 
with the beam walk task.  Mice must traverse a 100cm beam which is divided in equal 
lengths into two widths, 12mm for the first 50cm and 6mm for the last 50cm.  The data 
are presented as the percentage of right hindlimb footfalls of more than 5mm below the 
top of the beam.  For both the 12mm (Figure 5.3) and the 6mm beams (Figure 5.4), an 
injury deficit was sustained; however, the sensitivity of the 12mm beam task to detect an 
injury deficit diminished towards the end of the testing period.  Among the injured 
groups, no differences were evident for the various treatments tested.  A post hoc power 
analysis for 6mm beam walk task at 8 weeks, assuming a confidence interval of 95% and 
a power of 0.80, a sample size of 12 animals per group would have been required to 
observe a difference of 20% improvement in foot falls and a sample size of 22 animals 
per group would have been required to detect a 30% improvement in foot falls.  More 
extreme, the post hoc power analysis for the 12mm beam walk task at 8 weeks, to 
observe a only a 15% improvement effect a sample size of 53 per group would be 
required.  Collectively, these results and analyses indicate that the 12mm beam walk task 
may not be sensitive enough to detect motor deficits necessary to compare treatment 
groups.  However, the 6mm task was able to identify to finer motor deficit, but significant 
recovery effects may not be detected until later time points or with a large sample size.    
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Figure 5.3 – Beam Walk Task (12mm) – Weekly behavioral test for 8 weeks post-
transplantation, demonstrated a sustained injury deficit.  The sensitivity of this task to 
detect an injury deficit in the injury controls diminished towards the end of the testing 
period.  No differences were evident for the various treatments tested.  Data presented as 
mean ± SEM. 
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Figure 5.4 –Beam Walk Task (6mm) – Weekly behavioral test for 8 weeks post-
transplantation, demonstrated a sustained injury deficit.  No differences were evident for 
the various treatments tested.  Data presented as mean ± SEM. 
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Host Response: GFAP intensity and Isolectin IB4 
GFAP Intensity Does Not Increase with Transplantation 
At 8 weeks, analysis of GFAP immunostaining intensity was performed to verify 
that the transplantation of the tissue engineered construct did not exacerbate the chronic 
glial response.  It has been shown previously that MC alone implanted into a TBI injury 
cavity did not intensify the glial scar beyond injury controls at 1 and 4 weeks post-
implant (Tate et al. 2001).  The intensity of the GFAP immunostaining did not 
significantly change across treatment groups (MC-x-LN, NSC+HBSS, and NSC+MC-x-
LN) compared to control injury.  A thin section of GFAP+ tissue was located at the edge 
of the lesion cavity and more disperse astrocytic cell bodies observed at distances greater 
than 100 µm away from the cavity leading the variability in intensity measurements 
(Figure 5.5).  Thus, the findings in this study validated the previous study demonstrating 
that a MC-containing tissue engineered construct does not exacerbate glial reactivity 
above that of the injury itself. 
Isolectin IB4
+
 Immunostaining Patterns 
Isolectin IB4 staining was performed to evaluate the host tissue microglia.  IB4 not 
only binds to the surface of microglia, but also perivascular cells, stimulated 
macrophages, and laminin.  Therefore, the morphology of the positive fluorescent signal 
must be examined prior to determining the cell type.  Moderate levels of IB4 staining 
were observed in all groups; however, based on morphology, minimal microglial staining 
was observed.   
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Figure 5.5 – Host Tissue GFAP Intensity.  (A) Quantification of GFAP intensity as 
a function of distance from the injury cavity revealed no statistical difference across 
the groups.  The intensity of 30 radial sections was averaged.   
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Figure 5.5 Continued – Host Tissue GFAP Intensity.  (B-E) Representative images 
illustrating the thin strip of GFAP+ tissue at the edge of the lesion cavity; more 
disperse astrocytic cell bodies observed at distances greater than 100 µm away from 
the cavity leading the variability in intensity measurements. (B) Injury control, (C) 
MC-x-LN only, (D) NSC+HBSS, (D) NSC+MC-x-LN. (Scale bar = 100 µm) 
B C 
E D 
D E 
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 Donor Cell Migration 
Previous studies have demonstrated the migratory capacity of NSCs transplanted 
into a TBI lesion cavity (Shear et al. 2004; Tate et al. 2002).  Qualitative evaluation of the 
donor cell engraftment location demonstrated subtle differences when NSCs were 
delivered within a MC-x-LN construct (n = 3 brains per group).  In both HBSS and MC-
x-LN delivery vehicles, the bulk of surviving donor cells were located at the anterior end 
of the lesion cavity.  NSCs delivered in suspension form had engrafted in clusters 
randomly along the edges of the injury cavity; whereas, delivery within MC-x-LN 
resulted in engraftment at the innermost edge of the cavity near the corpus callosum 
(Figure 5.6).  Furthermore, if NSCs engrafted to the innermost edge of the cavity, they 
migrated into the white matter tracts; this occurred regardless of the delivery medium.  
To summarize, donor cell engraftment of NSC delivered in suspension form was more 
random than the MC-x-LN scaffold. 
Donor Cell Phenotype 
The phenotypic profile of the donor cells was evaluated with 
immunohistochemistry and confocal laser microscopy to determine co-localization.  In 
both HBSS and MC-x-LN modes of delivery, donor cells residing at the interior edge of 
the injury cavity stained with the astrocytic marker GFAP (Figure 5.7).  However, the 
remainder of the donor cells in either group residing elsewhere in the tissue did not co-
localize with any of the following immunomarkers; nestin, NG2, O4, β-tubulin III, and 
NeuN.  This array of phenotypic markers was chosen to examine a broad range of 
phenotypes.   
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Figure 5.6 – Donor Cell Migration.  (A) The distribution of donor cell engraftment 
when NSCs were delivered in HBSS appeared to be more random compared to the 
NSC+MC-x-LN groups (B) (scale bar = 200µm).   
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Figure 5.6  Continued – Donor Cell Migration.  (A) The distribution of donor cell 
engraftment when NSCs were delivered in HBSS appeared to be more random 
compared to the NSC+MC-x-LN groups (B) (scale bar = 200µm).  The higher 
magnification image (C) demonstrates the migration along the white matter track 
away from the cavity. (scale bar = 100 µm) 
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Figure 5.7 – Donor Cell Phenotype.  Orthogonal view of a confocal micrograph 
along the medial edge of the injury cavity of a NSC+MC-x-LN transplant 
demonstrates the co-localization of GFP (green) and GFAP (red).  Similar 
observations were made with most donor cells lining the injury cavity regardless of 
the transplant vehicle. Blue = Hoechst counterstain, scale bar = 20µm.  
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Discussion 
This study combined an in vivo transplant model with an innovative in vitro 
model in order to evaluate the ability of tissue engineered construct scaffold to support 
NSCs in a neural injury environment.  In vitro, the MC-x-LN scaffold protected the NSCs 
from apoptosis when injected into an injured co-culture.  Specifically, effector caspases-3 
and -7 activity was reduced when NSCs were delivered in a MC-x-LN scaffold.  
Although recovery of motor function, as tested with the beam walk task, was not 
observed in vivo, differences in donor cell engraftment and migratory locations were 
detected.  Collectively, this study reinforced the significant role the extracellular 
environment plays in NSC fate.   
Apoptosis of neural transplantation has been recorded in a range of injurious and 
neurodegenerative pathologies (Bakshi et al. 2005; Chen et al. 2002; Emgard et al. 2003; 
Marchionini et al. 2004).  Activation of apoptotic signaling pathways has been detected 
as early as 90 minutes after transplantation in Parkinson’s model and 24 hrs in a TBI 
model (Bakshi et al. 2005; Emgard et al. 2003).  Furthermore, a significantly higher 
percentage of donor cells were shown to undergo caspase-mediated apoptosis in the 
traumatically injured brain compared to transplants delivered to sham brains (Bakshi et 
al. 2005).  Therefore, the milieu within a traumatically injured brain induces detrimental 
effects on neural transplants.  The results from the in vitro co-culture study support this 
theory, as an increase in caspase activity was observed following injection of 
unsupported NSCs into the injured neuron-astrocyte culture (Cullen et al. 2007c).  
Moreover, this response has been shown to be specific to the factors within a 
mechanically injured co-culture, as chemical induction of astrogliosis in the same co-
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culture did not affect NSC apoptosis (Cullen et al. 2007c).  In order to mitigate this cell 
death a 3-D matrix decorated with LN protected NSCs caspase-mediated apoptosis.   
Previous in vitro studies have examined NSC response to reactive astrocyte or 2-
D injured neural co-cultures to primarily examine NSC differentiation and migratory 
patterns (Chang et al. 2003; Faijerson et al. 2006; Song et al. 2002).  Specifically, 
culturing NSCs on reactive astrocytes (scratch injury model) or in the presence of injury 
conditioned media has shown to increase the NSC propensity to differentiate into 
astrocytes, while not affecting neuronal or oligodendrocyte differentiation (Faijerson et 
al. 2006).  Reactive astrocytes have been shown to secrete ciliary neurotrophic factor 
(CNTF) and leukemia inhibitor factor (LIF), both of which induce NSC astrocyte 
differentiation (Banner et al. 1997; Faijerson et al. 2006; Ilkhanizadeh et al. 2007; Ip et 
al. 1993; Johe et al. 1996; Nakajima et al. 2007).  Transplantation into a TBI lesion cavity 
consequentially exposes donor cells to a reactive glial environment where levels of CNTF 
and LIF have been shown to increase after injury (Banner et al. 1997; Ip et al. 1993; 
Oyesiku et al. 1999).  At 8 weeks in vivo, we observed that donor cells residing along the 
injury cavity were GFAP
+
, possibly due to secreted factors from host reactive astrocytes.  
Moreover, donor cells that migrated away from the injury cavity penumbra were not 
GFAP
+
; however, the migratory donor cells did not stain for the selection of phenotypic 
markers we chose to evaluate (NG2, O4, NeuN, β-tubulin III, nestin).  Similar TBI 
transplant studies, in which NSCs have demonstrated that donor NSC are NG2
+
 at 14 
months; however, the transplant site was in the striatum below the injury cavity (Shear et 
al. 2004).   Such comparisons across transplant studies are difficult due to the variations 
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in the injury model, severity, time of transplantation, donor cell type, and transplant 
location.   
Recently, a side-by-side comparison of transplantation into mild and severe brain 
injuries demonstrated a significant influence on donor cell survival; the mild injury 
provided a more hospitable environment for donor cells (Shindo et al. 2006).  Moreover, 
the site of transplantation has been shown to influence donor survival, migration, and 
differentiation (Watson et al. 2006).  Effectively, the interaction between the donor cells 
and the microenvironment will dictate the success of the transplantation.   
Based on qualitative evaluation, the engraftment and migratory location of the 
donor cells in this study was modified by a tissue engineering scaffold.  NSCs 
transplanted within MC-x-LN were primarily located along the medial wall of the cavity 
or had migrated into the corpus callosum, while the engraftment pattern for NSCs 
delivered in HBSS appeared to be more random and clustered.  Similarly, a previous 
study used a collagen I and fibronectin scaffold to transplant NSCs in a TBI model and 
observed a significant increase in NSC cell number and migration compared to NSCs 
delivered without the scaffold (Tate et al. 2002).  These results strengthen the contention 
that NSC fate will be affected by incorporating pro-survival and other positive factors 
into the NSC transplant microenvironment.  
In conclusion, the results from this study demonstrated that MC-x-LN had 
positive influence on acute NSC survival in a hostile neural injury environment. 
Furthermore, evaluation of the tissue engineering scaffold in a more chronic in vivo TBI 
model indicated alterations in NSC engraftment compared to NSCs delivered in HBSS.  
Further in vivo analysis (i.e. additional time points and behavioral tests) would strengthen 
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this study, yet the results suggest that modifying the transplant microenvironment through 
an ECM presenting delivery scaffold system will enhance donor cell survival and 
migration. 
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CHAPTER 6:  CONCLUSIONS AND FUTURE DIRECTIONS 
Conclusions 
In conclusion, the findings of this thesis identified the potential for a MC-LN 
scaffold to be used for neural tissue engineering.  Moreover and possibly more 
importantly, the sub-studies performed throughout this thesis contributed to the basic 
knowledge of neural cell response to biomaterials.  Two different LN tethering 
chemistries were evaluated.  The first scheme utilized carbohydrate chemistry to 
immobilize LN on MC.  While the viability was shown to increase with this method, 
neurite outgrowth was not supported.  Therefore, an alternative tethering method that 
employed a heterobifunctional crosslinker (sulfo-SANPAH) was examined and the 
amount of bound LN increased immensely.  By utilizing the sulfo-SANPAH as an 
intermediate tethering arm, we established that neuronal viability and neurite outgrowth 
was not solely dependent on LN tethering density.  Instead, a prominent interaction 
between substrate stiffness and ligand density on neuronal survival and neurite outgrowth 
was observed.  Therefore, the beginning segment of this thesis work highlighted critical 
material properties that need to be considered and evaluated in a cell-type specific 
manner.   
Providing 3-D LN moieties to NSCs proved to influence the survival, 
differentiation, and production of ECM proteins.  Specifically, presentation of LN within 
the microenvironment of the NSCs decreased the percentage of apoptosis.  Furthermore, 
the spatial profile of both phenotypic differentiation and production of ECM proteins 
within the neurosphere was altered when NSCs were exposed to MC-x-LN.  Differences 
in differentiation and ECM/integrin production profiles were observed not just at the 
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periphery of the neurosphere (i.e., cell-ECM interface with MC-x-LN), but variations 
were noted across the entire neurosphere.  These results are particularly exciting as they 
demonstrated a transducing effect the extracellular environment has on cells within the 
neurosphere center.      
A unique aspect of this thesis was the implementation of multiple injury models 
to examine the ability of a bioadhesive matrix to protect NSCs from detrimental factors 
transplants are exposed to in traumatically injured CNS tissue.  First, we utilized was a 
previously established in vitro injury model comprised of a 3-D co-culture of primary 
neurons and astrocytes.  After subjecting the 3-D co-culture to a mechanical shear 
deformation, NSCs were injected into the center of the co-culture thereby immersing the 
NSCs in a potentially pathological environment.  This study reported NSCs delivered in a 
traditional transplant suspension form had a higher incidence of effector caspase activity 
than when delivered within MC-x-LN.  NSC caspases activity within MC-x-LN delivered 
to the injured co-culture was maintained at the same level as control co-culture injections. 
Therefore, this study demonstrated the pro-survival affects of an integrin engaging matrix 
on cellular transplants delivered to injured environments.   
Lastly, we co-transplanted the MC-x-LN with NSCs into a murine in vivo TBI 
model.  The construct was transplanted 7 days post-injury into the injury cavity.  For 8 
weeks post-transplant, weekly motor functional recovery was evaluated with the beam 
walk task.  We performed histological analysis at 8 weeks post-transplant to evaluate 
donor cell and host response.  Collectively, the results from the beam walk task 
demonstrated a moderated increase in functional recovery when MC-x-LN or MC-x-LN 
+NSCs were transplanted.  Due to the variability among groups and large number of 
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sample groups, no statistical differences were observed with this motor task.  We cannot 
rule out potential recovery in behavior that was not evaluated with this task.  The host 
response at 8 weeks measured through GFAP staining and IB4 staining was not 
exacerbated by any of the experimental transplant groups beyond the injured control.  
The engraftment and migratory profile of donor cells was altered when NSCs were 
transplanted into a contused brain with MC-LN.  NSCs transplanted with MC-x-LN 
engrafted in the anterior medial portion of the injury cavity.  However, NSCs delivered in 
HBSS engrafted in a more random pattern along the injury cavity; NSCs were found 
along the medial and lateral sides of the injury cavity.  If the NSCs engrafted near the 
medial portion of the cavity regardless of the transplant medium, NSCs migrated into the 
corpus callosum. NSCs that took residence along the injury cavity stained positive for 
GFAP, indicative of an astrocyte phenotype.  However, migrating cells did not stain 
positive for any of the probed immunomarkers.  While we did not observed significant 
changes in behavioral or histological outcome measures, the results indicated that both 
microenvironmental factors present in the transplant medium and the injury environment 
dictate donor cell fate. 
Discussion and Future Directions 
This project encompassed a multi-level developmental analysis of a biomaterial 
for neural tissue engineering, a format that has many advantages for biomaterials testing. 
Challenging a biomaterial with multiple relevant cell types and with both in vitro and in 
vivo injury models demonstrates the robustness this material.   
Multiple factors influence cell transplant outcome in TBI models, such as time 
(Zhang et al. 2005), location (Watson et al. 2006), and injury severity (Shindo et al. 
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2006).  TBI initiates a complex set of signaling cascades consisting of excitotoxicity, 
release of reactive oxygen species, and inflammatory response (McIntosh et al. 1998).  
According to the literature, much of this initial wave of secondary injury response 
subsides after one week after injury (Lenzlinger et al. 2001; McIntosh et al. 1998; Ray et 
al. 2002), therefore, we transplanted at this time.  Due to the injectable scaffold design, 
we transplanted into the injury cavity as an effort to not to disrupt the intact brain.  This 
transplant design may need to be reconsidered based on recent reports indicating that 
acute transplantation post-injury results in a high incidence of donor cell death whereas 
transplantation 1 month post-injury resulted in higher levels of donor cell survival (Zhang 
et al. 2005).  Moreover, our transplant location may need to be reevaluated.  The injury 
cavity is at the heart of astrogliosis and inflammatory response.  Therefore, injecting 
donor cells directly to that hostile environment may have detrimental effects on donor 
cells.  Moreover, researchers have reported a correlation between transplantation site and 
donor cell differentiation (Watson et al. 2006).   Ultimately, to achieve transplantation 
success, the microenvironment in which the donor cells will be immersed needs to be 
further characterized to predict donor cell response.   Several areas for future work using 
this approach, in light of the above issues, should be considered.  A few of these 
directions are discussed below. 
Acute In Vivo Transplant Study 
An acute transplant study with the in vivo mouse TBI model would complement 
the results gathered in this project.  This study would achieve two goals: 1. Assess the 
efficacy of a MC-LN scaffold to maintain NSC survival, and 2. Evaluate the predictive 
capacity of the in vitro injury model for transplant paradigms.  Outcome measures would 
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include apoptotic assays (e.g., TUNEL, effector caspase activity) and evaluation of 
suspected pro-survival signaling pathways that may be upregulated in the presence of 
LN.    This acute study would also enable us to evaluate potential pro-survival signaling 
mechanisms of the donor cells in vivo.  Proposed signaling pathways for LN-integrin 
interactions include phosphorylation of AKT.  
Polymeric Scaffold Modification 
We have established MC for neural tissue engineering applications; however, this 
system has limits that could be improved upon.  Namely, a future system would be a 
polymeric blend with MC that maintains the thermoreversible component, but also 
incorporates polymer backbone with multiple branches for tethering chemistries (e.g., 
polyethylene glycol).  By incorporating additional polymer chains, multiple ligands could 
be immobilized in the scaffold matrix.  Additional ligand support would potentially direct 
differentiation and increase the proliferate capacity of the NSCs.  Moreover, inclusion of 
an enzymatic cleavable region would allow for migrating cells to degrade the matrix and 
increase the tortuosity of the scaffold for other migratory cells.   Collectively, the 
aforementioned design aspects should be considered when designing the next generation 
neural tissue engineering scaffold. 
Integration of Soluble Factors 
This study focused on adhesive ECM to improve NSC survival and did not 
examine the influence of soluble growth factors.  For example, bFGF or EGF could be 
integrated into the matrix as the compounding effects of the mitogens and LN has been 
shown to increase the proliferative capacity of NSCs (Nakajima et al. 2007).  
Furthermore, pro-survival signaling pathways of certain growth factors converge with the 
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signaling pathways of LN.  Therefore, bioadhesive support and growth factors could be 
coupled together to block apoptosis of donor cells transplanted in TBI models.  Various 
growth factors also target differentiation of NSCs.  Ultimately, to overcome pathological 
signals observed in transplant paradigms, multiple pro-survival cues may need to be 
integrated into a delivery matrix.  
Peptide Sequences 
Tethering of peptide sequences instead of proteins enables the generation of a 
matrix with a high density of specific active sequences.  LN is a large heterotrimeric 
protein with multiple active sequences.  Table 6.1 highlights a couple of sequences that 
interact with specific neural receptors.  High density presentation of the sequence 
IKVAV has been shown to preferentially support the neuronal differentiation of NSCs.  
Additionally, the sequence IKLLI has been shown to prevent neuronal apoptosis (Gary 
and Mattson 2001; Gary et al. 2003).  Ideally, numerous sequences could be presented in 
a concerted manner within a synthetic matrix in order to tailor to specific cell types and 
cell functions. For example, IKLLI and IKVAV could be presented simultaneously to 
enhance neuronal differentiation while preventing apoptosis.   
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Table 6.1:  LN peptide sequences that have relevant functional responses on neural cells 
 
 
  
Peptide 
Sequence Origin 
Receptor/Cellular 
Interactions 
Functional 
Response 
Reference 
EIKLLIS 
LN 1-
chain G 
domain 
31, 61 
integrins, surface 
heparan sulfate 
proteoglycan 
Heparin binding, 
cell adhesion, PC-
12 neurite 
extension, Activates 
integrin-linked 
kinase (ILK), 
prevents Akt-
mediated apoptosis 
(Gary and 
Mattson 
2001; Gary et 
al. 2003; 
Tashiro et al. 
1999; Tashiro 
et al. 1989) 
IKVAV 
LN 1 
chain G 
domain 
110kDa binding 
protein 
Cell adhesion, 
neurite outgrowth 
(Kleinman et 
al. 1988; 
Nomizu et al. 
1995) 
PA – ( 
both 
IKLLI 
and 
IKVAV) 
LN 1 
chain G 
domain 
31, 61 
integrin, surface 
heparan sulfate 
proteoglycan 
Heparin binding, 
cell adhesion, PC-
12 neurite extension 
(Tashiro et al. 
1999) 
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To conclude, this project aimed to address the current limitations in transplant 
technology for TBI.  Tissue engineering may be a solution to this limitation, yet the 
current in the scaffold design did not conquer these limitations.  The theme throughout 
this thesis is the critical need to improve transplant survival.  This goal will not be 
accomplished until the impact the pathological transplant environment on donor cell is 
understood.  This is not a trivial task considering the dynamic sequence of signaling 
events that occurs after TBI.  Moreover, the time and location of transplant could be the 
dominating factors in developing an effective transplant paradigm.  To this end, future 
TBI transplantation studies should focus on acute time points post-transplant in an effort 
to maximize donor survival as well as elucidate the mediators of donor cell death. 
In light of the discussed limitations, this project significantly impacted the 
neurotransplantation field by contributing to the knowledge NSC survival mechanisms.  
We engineered a delivery scaffold for NSC transplants and established an anti-apoptotic 
effect of LN on NSCs.  More importantly, this effect was not only observed within 
optimal in vitro culture conditions, but also after exposing the NCS-scaffold constructs to 
an in vitro mechanical injury model.  Thus, the results from this project will enhance the 
neurotransplantation field by challenging researchers to respect and work toward 
modulating the microenvironment for transplanted cells. 
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